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ABSOLUTE RADIOMETERS FOR USE IN BALLISTIC-RANGE
AND SHOCK-TUBE EXPERIMENTS
By Roger A. Craig and William C. Davy

Ames Research Center

SUMMARY

This report is a discussion of the design, calibration, and use of
radiometers to measure absolute spectral emission in ballistic-range and
shock-tube experiments. These radiometers are characterized by a frequency
response and a dynamic range sufficient to span the widely different fre-
quencies and intensities of calibration and experiment sources. Radiometers
discussed consist of a filter (transmission filter or monochromator), a
detector (multiplier phototube or infrared photodiode), and a close-coupled
amplifier. Response equations are developed that relate the test data to
emission from a calibration standard. The principal problems of use of these
radiometers (e.g., multiplier-phototube stability and saturation, infrared
photodiode rise time and linearity, limiting noise, filter side-band
transmission and standard lamp operation) are discussed.

Three currently operating ballistic-range and shock-tube applications
at the Ames Research Center are described in detail.

INTRODUCTION

One of the important phenomena of hypersonic flight is the radiation of
energy from the vehicle flow field. Such radiation, by chemical species
derived from the atmosphere (ref. 1) or by species that are products of the
ablation process (refs. 2 and 3) can participate importantly in energy trans-
port within the flow field. Additionally, this radiation is an important
diagnostic tool for the study of chemical and thermodynamic processes that
occur in the flow field. Several techniques have been developed for gener-
ating in the laboratory the high-temperature conditions that approximate the
hypersonic flow field. Two of the most popular devices for this are the
ballistic range (ref. 4) and the shock tube (ref. 5).

The development and calibration of radiometric instrumentation for use
in ballistic ranges and shock tubes represent a major portion of the effort
required to obtain trustworthy radiation data. Experimentation in either of
these devices imposes constraints on the radiometer system that are somewhat
unique. Applications to which a substantial portion of the standard litera-
ture is directed (e.g., astronomical) are characterized by very weak signals
and long duration exposures (minutes to hours). Many other references are
concerned with the detection of infrared sources rather than source strength
measurement. In contrast to this, ballistic-range and shock-tube tests



characteristically have short test times (the order of tens of microseconds

or less); hence, the radiometers must inherently be short-rise-time instru-
ments. In addition, because calibration and testing usually represent radi-
cally different radiation-detector environments, the extrapolation of
calibration data to the interpretation of test results must be done with great
care. In particular, the experiment often requires measurements over an
extreme range of intensities, from intense to weak, whereas calibration source
intensity is limited to an often weak maximum; hence, instrument linearity and
dynamic range must be known. Additionally, calibration is usually done in a
continuous mode with a steady or modulated radiation flux, whereas the test
produces a single, short duration, radiation pulse that occurs after the
radiometer has experienced a period of dark quiescence; thus it is necessary
to know the relationship between pulse and continuous mode operation. These
are examples of but two of several problems that are encountered.

Many types of detectors used in ballistic ranges and shock tubes have
been described in the literature. These can be categorized into two broad
classes: thermal detectors and quantum detectors. The operation of thermal
detectors depends on the absorbed energy modulating an intrinsic physical
property of the detector (usually electrical) such as bimetallic junction
potential, electrical conductivity, polarization, or capacitance. These
detectors usually rely on a blackened surface to ensure uniform spectral
response and are generally used to measure the total radiant power of the
test event (ref. 6). Quantum detectors, (phototubes, multiplier phototubes,
and solid-state detectors) on the other hand, employ phenomena that convert
quanta directly into electrical current. Quantum detectors are much more
sensitive than thermal detectors; see, for example, the figures of refer-
ence 7, chapter 10. However, because of the transitions that occur in quan-
tum detectors, the spectral response is limited to wavelengths shorter than
those corresponding to some threshold energy.

The purpose of this paper is to relieve a sometimes frustrating problem
that is presented to the experimenter who has expertise in the problem being
studied in the facility rather than in radiometric measurement techniques.
Since it is often difficult and very time-consuming to decipher the standard
radiometric literature,we will attempt here to present, in a concise and
reasonably comprehensive form, the general notions required to design and use
radiometric apparatus in a shock tube or a ballistic range. In addition, we
will discuss the types of radiometers that are in general use in these
facilities at the Ames Research Center. These radiometers consist of a
detector (either a multiplier phototube or a cooled solid-state infrared
detector), a spectral filter, a close-coupled amplifier, and a recording
oscilloscope. The spectral filter is either some form of optical filter or
monochromator.

Response equations are derived for radiometers that utilize optical
filters or monochromators. The results of the mathematical analysis of the
monochromator-radiometer allow variation of sensitivity, spectral coverage,
and band-pass shape without recalibration. Also discussed are calibration
techniques with emphasis on often troublesome points, such as multiplier-
phototube stability, infrared detector rise time and linearity, limiting
noise, filter side-band transmission, and standard lamp operation.

2




Three currently operating ballistic-range and shock-tube applications at
Ames Research Center are described.

Appendix B, by Donald E. Humphrey, describes two amplifiers used in the
radiometers discussed in the text.

SYMBOLS

A radiometer aperture, cm?®

C capacitance, F

d monochromator reciprocal dispersion, u/cm

E()) detector quantum efficiency, A/W

E(A,T) source spectral radiance, W/cm?-p

e electron charge, 1.602x10719 ¢

F()\) monochromator-radiometer sensitivity function, equation (A7)

) normalized transfer function of monochromator-radiometer

3 ratio of absolute spectral flux to relative spectral flux,
equation (7a)

G radiometer electronic sensitivity, V/A

A monochromator-radiometer calibration constant, V-cm/W, equation {(A8)

i current, A

i mean detector current generated by test event, A

ip mean detector current generated by the background radiation, A

i¢ mean output current from detector, A

H() irradiance on the radiometer aperture, W/cm?-u

EIAO) equivalent average spectral irradiance from a continuum source,
equation (5), W/cm?-y

h(A) relative spectral irradiance, W/cm?-p

L()) standard source spectral irradiance, W/cm?-u

1 monochromator slit height, cm



ng
R(A)

R(A)

S1,52

T(A)

number of photoelectrons contained in a time-resolution interval
multiplier-phototube noise factor

detector spectral response, A-cm?/W

radiometer spectral response, A-cm?/W

monochromator entrance and exit slit widths, respectively, cm
monochromator indicated slit width, cm, equation (Al0)
temperature, °K

spectral filter transmission

radiometer output signal, V

radiometer output in response to the calibration source
irradiance, V

radiometer output in response to the test irradiance, V

Planck's function, W/cm?-u

total emissivity of tungsten

emissivity of tungsten

electronic band pass, Hz

monochromator indicated slit width correction, cm, equation (AlQ)
measurement time interval, sec

wavelength, u

wavelength at which radiometer has maximum sensitivity, or
monochromator grating drive setting, u

electronic rise time: that is, time for 0.1 to 0.9 response to
step function, sec

aggregate transmission of the internal components of a monochromator

RADIOMETER REQUIREMENTS

Prior to the discussion of calibration, it will be helpful to consider
the experimental environment in which ballistic-range and shock-tube radiom-
eters are expected to operate, and to describe the radiometer components,
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since both determine to some extent the calibration procedures required.

The predominant characteristics of typical experiments are (1) the short
duration of the test event, and (2) the exceedingly wide dynamic range of the
radiation intensities.

Experimental Environment

The time duration of the event and the time resolution required for
interpreting the experimental data fix the rise-time requirements of radiom-
eter systems. Typical high performance shock tubes provide flow times of
uncontaminated test gas on the order of 10 pusec. However, the study of
chemical kinetics requires that the nonequilibrium region following the shock
be resolved, and this often requires radiometer rise times less than 0.1 usec
(ref. 8). Model launching devices used in contemporary ballistic-range test-
ing are capable routinely of achieving model velocities in the range of 6 to
8 mm/usec. Thus, to resolve the flow field of a 40-mm-long model flying at
8 mm/psec into five parts requires rise times on the order of 1/2 psec or
less. It should be pointed out that there is generally some physical charac-
teristic of the experiment that sets a limit to the time resolution of the
data. For example, because of shock-wave curvature, it is the usual practice
to record ballistic-range data only after the shock layer has moved fully
into the radiometer view field. If this represents 1 mm of model travel, the
shortest rise time required will be about 0.1 pusec. Excessively short rise
times adversely affect the experiment precision, because high-frequency noise
is admitted (see appendix C). Thus a radiometer design for a given experi-
ment will have an optimum rise time lying between the limits discussed above.

Due to the wide variety of radiative phenomena that may be studied with
various spectral resolutions in ballistic ranges and shock tubes, the experi-
mental radiation intensities that are encountered vary over a wide range.

In contrast, the standard sources of ultraviolet and visible radiation are of
relatively low intensity so that the experimenter may be faced with the situa-
tion where the calibration and test event intensities are decades apart.

For example, the radiometer irradiance was as high as 2.5x1073 W/cmé-u at
0.25 p during the tests of small (7-mm diameter) ballistic-range models
reported in reference 2. The irradiance available for calibration is seen
from figure 6 (to be subsequently discussed) to be only about 1 percent of
this value. Hence, it is important to establish the dynamic range over which
the radiometer responds linearly or, alternatively, to define precisely the
nonlinear behavior of the radiometer between the test and calibration
intensities.

Radiometer Components

A radiometer has three principal components: (1) a spectral filter that
transmits only the spectral region over which the instrument is responsive,
(2) a detector that converts the photon flux transmitted by the spectral
element into an electrical current, and (3) an electronic output stage that
converts the current generated by the detector into a suitable form, usually



a voltage that is recorded as an oscillogram. Auxiliary items, which may be
attached to the radiometer or may be part of the ballistic range or shock
tube, include field stops that 1limit the field of view of the radiometer and
serve to reduce scattered radiation, and lens or mirror systems that might be
used to increase the solid angle over which the radiometer collects radiation.
When imaging optics are used before the aperture, the data reduction can
become more involved. If only part of the beam gathered by the imaging system
enters the aperture, the source must be positioned more accurately than when
no imaging optics are used. If large solid angles are subtended from a volume
source (e.g., the radiating region behind the shock wave in a shock tube), the
view field may include gas over a wide range of thermodynamic conditions,
further complicating data reduction. In a ballistic range, where the model
flight-path position varies from test to test, the use of imaging optics may
result in loss of data on an unacceptable fraction of the tests. Therefore,
afocal systems should be used whenever possible.

Spectral elements.- The spectral element of the radiometer may be either
an absorption filter that absorbs or an interference filter that reflects
radiation of undesired wavelengths. An element that disperses the incident
beam into its spectral components, such as a monochromator or a spectrograph,
may also be used; the required spectral selection is then obtained by
collecting the desired portion of the dispersed beam.

The use of filters is relatively inexpensive and allows a compact
radiometer design, since the filter need be only as large as the active area
of the detector. Absorption filters are available from several manufacturers
and may be combined in series to obtain some control over the wavelength
band pass and band center. It is often difficult to obtain narrow band passes
in this manner, however; but multilayer dielectric interference filters may
be manufactured to desired specifications. These filters are discussed in
numerous standard texts (e.g., ref. 9). The band pass of an interference
filter is a function of the incident angle of the transmitted beam, so that
if the radiometer has a wide acceptance angle (>10°), this effect should be
taken into account. Reference 10 contains a discussion of this effect.

Since filter-radiometers are of fixed band, and since their calibration
can be somewhat laborious (as is discussed later in this report) the use of a
monochromator or spectrograph as the spectral element may be considered if
need for band-pass variability is anticipated. These devices are convenient
since the band-pass width and center may be mechanically varied by adjusting
slits and the position of the dispersing grating or prism. A grating mono-
chromator with independently adjustable slits is particularly versatile since
the band center of the exit beam is a nearly linear function of the angular
position of the grating, and the band pass, as well as solid angle subtended
by the radiometer, may be varied by adjusting the slits. Grating mono-
chromators, however, have the property of transmitting higher orders, namely,
wavelengths equal to the primary wavelength divided by integers. Hence,
these higher orders must be blocked if the test event radiates, and the
detector responds at these wavelengths. An absorption filter that blocks
short wavelengths and passes long wavelengths is a convenient means of
blocking higher orders. A wide assortment of these absorption filters is
commercially available.
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Radiometers employing monochromators or spectrographs are usually large
compared to filter-radiometers because of the focal lengths of the internal
optics required to give the instruments adequate spectral dispersion.

Detectors.- The choice of detectors for a radiometer design is controlled
by several factors. Rise time, spectral sensitivity, and signal-to-noise
ratio must be commensurate with experimental requirements.

Quantum detectors are of two classes: external and internal photo effect
detectors. In the former, a photon incident on the sensitive area causes
emission of an electron that is collected on an electrode held at a positive
potential with respect to the photoemissive surface and processed as a current
signal. In the latter, the electrons are excited only into the conduction
band of the detector material.

Muliplier phototubes utilize the photoemissive effect of a semiconductor
that forms the cathode of the tube; they are responsive in the ultraviolet,
visible, and near infrared ranges out to approximately 1.2 u (see refs. 11,
12, and 13 for a general discussion of multiplier phototubes).

The photon energy must be sufficient to cause cathode emission of an
electron (i.e., to overcome the work function). There have not yet been
developed cathode materials with work functions of sufficiently small value
to be responsive at wavelengths longer than about 1.2 u (ref. 11). Multiplier
phototubes should always be considered for radiometric application since they
are inherently very short rise-time devices and combine a large sensitive
area with good quantum efficiency (i.e., the number of electrons emitted per
incident photon). Maximum quantum efficiencies of 0.20 may be obtained for
the visible region; however, values of 0.01 or less are typical for the
infrared region.

An important advantage of multiplier phototubes is the current amplifi-
cation that is achieved within the tube. This amplification arises from the
impact of photoelectrons on the dynodes in the tube envelope, which then
cause secondary electron emission. A potential of 50 V or more is used
between dynodes for acceleration of electrons to energies necessary for good
secondary electron yields. Current amplification of many decades is easily
obtained by the use of a series of such dynodes. The advantage of this
method of amplification is that it is achieved without the use of a load
resistor; hence, the Johnson noise associated with any conventional amplifier
is avoided. Also, adjusting the acceleration voltage across the dynodes
adjusts the output signal to a convenient level for a wide range of radiant
fluxes.

Multiplier phototubes possess finite limits to their dynamic-response
range; the upper limit may be one of several saturation phenomena that occur
within the tube. The nature and measurement of saturation is discussed in a
later section of this report. The lower limit is due to noise. These quantum
detectors are often used for very low level astronomical applications where
the limiting noise is a '"dark current" noise due to small currents generated
within the tube even though the tube is in darkness. However, for pulse



operation such as is being considered here, the limiting noise is due to the
statistical nature of the photon emission and photoelectron generation.

Noise limits of multiplier phototubes are discussed in appendix C where
it is shown that the statistical noise is approximately WNg, where Neg is
the average number of photoelectrons generated during the resolution time
interval. Statistical noise, as well as other noises, may be decreased by
time averaging, such as by adding capacitance at the anode (see fig. 23).
Time averaging decreases the high-frequency response of the radiometer or,
equivalently, increases the rise time. Obviously, the rise time should not
be increased beyond the time resolution requirements of the experiment.
Neither should the rise time be significantly less than that required, since
it would admit high-frequency noise to the signal without increasing the
information content.

Of the various solid-state photodiodes responsive to infrared radiation
(refs. 7, 14, 15), indium antimonide (InSb) cooled to 77° K (the temperature
of liquid nitrogen) is commonly used for ballistic range and shock-tube
experiments. These detectors are usually supplied mounted in the bottom of
a small Dewar flask into which liquid nitrogen can be poured and retained.
The detector view field is straight down through an infrared window (e.g.,
sapphire). These detectors have high sensitivity in the spectral range from
1 to 5 u and thus complement the multiplier-phototube range. Optimum signal-
to-noise ratio is obtained by operating this type of detector at zero volt
bias (ref. 14). This requires some provision for bias control in the
external circuitry, since the background photon flux can cause the detector
to produce a substantial self-bias. When biasing these detectors, note that
the rise time and sensitivity are functions of the voltage across the
detector. Hence, these characteristics should always be measured for the
bias condition at which the experiment is to be conducted.

There are shortcomings to InSb detectors compared to multiplier photo-
tubes. Most have small active areas; this means that the radiometer will
subtend a very small solid angle if the detector is used afocally. 1If a
focusing lens is used, the radiometer design is somewhat complicated.

Another disadvantage is the generally low electrical-output level from
the detector. External amplification is thus required, and the amplifier
must have sufficient frequency response and dynamic range to allow comparison
of calibration and test intensities. An alternative might be to use an ampli-
fier of variable gain; this procedure is analogous to changing the voltage
supplied to the multiplier-phototube dynodes. The quantum efficiency of the
solid-state diode, which may be as high as 0.7 compared to photocathode effi-
ciencies of 0.20 or less, slightly offsets the low noise advantage of the
multiplier phototubes since less amplification is required of the solid-state
diode current. However, the Johnson noise of the subsequent amplifier is
always present in the solid-state diode radiometer output. It can be shown
that if the vacuum photocathode efficiency is greater than about 0.002, the
multiplier phototube may be expected to give a better signal-to-noise ratio
for low level conditions of short duration irradiance. (See appendix C.)
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Auxiliary electronics.- As mentioned above, internal amplification is
obtained in multiplier phototubes through the use of secondary electron
emission. Although individual voltage sources such as batteries may be used
to provide acceleration potentials between dynodes, a more usual practice is
to use a series of resistors to divide the voltage from a single high-voltage
power supply. The dynode amplification is a very strong function of the
voltage supplied to the divider series (see fig. 8 to be subsequently dis-
cussed) ; hence,it is important to obtain long term stability of the high-
voltage power supply. Capacitors may also be used to stabilize dynode
voltages when the tube is used in pulse-mode operation. The charges stored
in the capacitors allow the dynode currents to exceed the divider current
during the pulse.

The output stage of a multiplier phototube may consist of simply an
anode load resistor that provides a ground path for tube current, thereby
developing a voltage that can be recorded by an oscilloscope. The load
resistor and the capacitance between the radiometer and oscilloscope con-
stitute an RC network whose rise time may be the limiting factor in the
system. This subject is discussed in detail in appendix B.

It is often desirable to include in the radiometer design a close-coupled
amplifier to complement the gain of the multiplier phototube when the lowest
level fluxes are being observed (see appendix B). The frequency response of
such an amplifier must be high enough to accommodate the rise-time require-
ments of the experiment, and low enough, if it is ac coupled, to permit cali-
bration of the radiometer. Calibration, to be discussed later, requires
mechanical modulation of the calibration source, usually at a few hundred
hertz, and the amplifier must handle signals of this frequency without atten-
uation. Note too that for test applications, the amplifier need only be
unidirectional (i.e., required to amplify signals of only one polarity).
Calibration conditions require the amplifier to be bidirectional if ac
coupled. Appendix B describes an amplifier designed for this use.

As previously remarked, solid-state photodiodes should be operated with
zero volt bias across the output terminals for optimum operation (rise time,
sensitivity and signal-to-noise ratio) (ref. 14). If, to achieve this, the
detector is operated into a low impedance, linear response will be attained,
as seen from the equivalent circuit shown in figure 10. The nonlinear prop-
erties of the diode will not affect the current to the external circuit if
the voltage across the parallel components is very low. The detector will
exhibit a linear relationship between irradiance and the current passing
through the external circuit. A close-coupled, low-input-impedance amplifier
is described in appendix B that meets the above requirements and converts the
photodiode current (usually very small) to a conveniently measured voltage.

RADIOMETER RESPONSE EQUATIONS

In the preceding section a radiometer was defined and described in terms
of its component parts. Now the description is cast in terms of a mathemat-
ical model that describes, in functional form, the performance of a radiometer.
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A response equation relating the output signal to absolute and spectral
properties is given. The performance is then described in terms of this equa-
tion. Also, the terms that require measurement are discussed in two parts,
first for a simple transmission filter-radiometer, and second for the more
general case of a monochromator-radiometer.

Response Equation

In general, the radiometer output, v, may be expressed by the following
equation:

v = G_/; ROOH(V) dA (D
where
V
G electronic sensitivity of the system taken to be a constant, K~QEEEE£—
detector
A
R(A) spectral response of the radiometer, Setector
(W/em') sncident

H()) spectral irradiance incident on the radiometer, W/cm? -y

Since the unknown, H(}), appears in the integrand, the solution to
equation (1) is not direct. Before proceeding further, we will discuss some
mathematical aspects of solutions of the equation. This equation is gener-
alized by allowing the output, v, to be a function of a variable, x. This
variable would be continuous to represent a continuous wavelength spectro-
graph, or discrete to represent a system of many radiometers. The source
spectral strength, H()), then is related to the measured data, v(x), by an
equation of the form

v(x) = j;“’ R(x,\)H()dA

where x 1s an independent data variable, such as the position on the
abscissa on a chart recorder output or an index number identifying the speci-
fic radiometer. This equation is a singular Fredholm integral equation of

the first kind. Regardless of the narrowness of the nonzero region of

R(x,A) for a specific x (i.e., spectral band pass of the instrumentation),

a closed-form solution for H(X) would, in general, not be unique. In prac-
tice, a closed solution is not even possible since v(x) and R(x,A) are not
known analytically as functions of continuous variables. Even if they were
actually given in analytical form, it would require considerable mathematical
effort to find the inverse of the Fredholm equation to acquire a solution.
This is usually not done; instead, some other technique of approximating

H()\) is used, which may be as simple as taking H(X) to be a function of x
instead of X and removing it from the integral (as is sometimes done in film
spectroscopy), or as elaborate as assuming a form for H(A) and warping it to
synthesize the data. Examples of some of these techniques are included in
this section. However, it should be understood that these techniques can only
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produce approximations to the source spectral strength since they do not
represent a mathematical solution of the Fredholm equation relating the radi-
ometer output to the spectrum. For a discussion of techniques of numerically
solving Fredholm equations, the reader is directed to reference 16, chapter 12.

Calibration and Use of Radiometers

It is possible to estimate the performance of a radiometer by evaluation
of the terms in equation (1) from manufacturers' data or from the literature,
but these values are nominal and not usually considered acceptable for abso-
lute measurements. For accurate results, the radiometer itself must be used
as a transfer device; that is, a device whose response to the incident flux
from a test event is compared with its response to the incident flux from a
source of known characteristics. The remainder of this section is a discus-
sion of how the terms in equation (1) are measured by calibration and how the
results are used to evaluate the test source strength from the radiometer
output. The first case, that of a transmission filter-radiometer, follows.

Filter-radiometer.- The spectral response of a radiometer consisting of
a transmission filter and a detector is given by the product of the filter
transmission, T(A), and the spectral response of the detector, R(A). Thus
equation (1) becomes

v =G j;‘” R(ODT(AHO) dA (2)

Writing a second expression for the response to a calibration source and
dividing it into equation (2), we get a form of the response equation from
which is easily seen the concept of a radiometer as a transfer device:

_[;°° R(A)T(A)H(O) dA
) j;‘” R(Ai)‘"l:(x)L(A)dx

Vi V. (3)

where
VisVe radiometer responses from the test and calibration, respectively, V

L()) spectral irradiance on the detector from the calibration source,
W/cm? -y

It is apparent that before H(A) can be evaluated, v and v, must be
measured, the lower integral must be evaluated (by calibration of R(1), T(A),
and knowledge of L(A)), and the upper integral inverted so that the unknown
does not appear in the integrand. Note that since the product R(A)T(})
appears in both integrals, it is necessary to determine only the relative
value of this product. The normalizing constants are factorable and thus
cancel.

The wavelength range over which these measurements must be taken is a
function not only of the filter and the detector, but also of the spectral
irradiance, all of which are represented in the integrands. The experimenter
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must ascertain that the wavelength limits of the integrals encompass the
wavelengths containing important amounts of energy, and that the functions
R(A), T(A), and L(A) are accurately represented.

The detector spectral response, R(1), can be determined by comparing it
to that of another detector of known spectral response. It is of particular
advantage to use a spectrally flat detector, such as a blackened thermocouple.
The comparisons are made by utilizing an appropriate radiation source and a
monochromator to provide radiation at various wavelengths. In the vacuum
ultraviolet (ref. 17) and in the infrared at wavelengths longer than 6 p
(ref. 18), the conventional blackening materials used on thermocouples are not
spectrally flat; hence, the spectral response must be measured or assumed.
Reference 17 discusses the use of thermopiles as standards in the vacuum
ultraviolet, and reference 18 discusses their use in the infrared. If the
manufacturer's specifications for the radiometer detector indicate small vari-
ations in spectral sensitivity in the wavelength interval over which the
response integrals are to be evaluated, then the experimenter may elect to
use these specifications for R(A), depending on the accuracy sought in the
results.

The filter is usually the element selected to limit the radiometer to
the proper spectral range; for this reason, the degree to which it (1) accepts
flux in this range, and (2) rejects the unwanted portion of the spectrum must
be investigated. Often large errors can be introduced if the latter is
ignored. The transmission of the spectral filter, T(A), is the ratio of the
responses to nearly monochromatic flux of a radiometer with and without the
filter positioned in the beam. The manufacturers of absorption or interfer-
ence filters normally supply calibrations of filter transmission that have
been obtained on double-beam recording spectrophotometers. However, they
usually do not accurately determine the side-band transmission where complete
blocking is desired. If there are contributions to the integrals of equa-
tion (3) in the regions of filter side-band transmission, then it is necessary
to determine this transmission accurately. This problem can be illustrated
by an example.

Consider the use of a tungsten lamp to calibrate an ultraviolet
radiometer. The color temperature of the lamp filament (typically 2500° K)
is such that the output is weak in the ultraviolet but very strong in the
visible where many ultraviolet sensitive detectors respond. Thus, trans-
mission of radiant power in the side-band region of the filter can dominate
the signal. Figure 1 shows the measured transmission of a filter that was
used in conjunction with a multiplier phototube. The resulting radiometer
was used in tests described in reference 2. Note that the long wavelength
side-band transmission remains above 10~"% for a substantial wavelength
interval. (This feature is peculiar to this filter; some filters have been
examined wherein transmission falls rapidly to very low values.) The use of
the manufacturer's data for the detector response would be inadvisable in
this case. The resulting integrand, R(A)T(A)L(X), evaluated for a tungsten
ribbon filament calibration lamp at 2500° K color temperature and R(A) for
an S-5 photocathode, shown in figure 2, is only slightly influenced by filter
transmission in the region of primary transmission. If the side-band trans-
mission of the filter were ignored, then it would be appropriate to let the
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Figure 3.- Change of integrand shown in
figure 2 when the side-band trans-
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detector response be constant and to
approximate the standard lamp radi-
ance by the value at the wavelength
of maximum filter transmission,
L(Ax,). The denominator of equa-
tion (3) would then become

ROGL(G) L7 T()dA (4)

where the integrand is then the
filter transmission.

Figure 3 is a plot of
R(AG)L(A;)T(2A), which is the inte-
grand of the above expression multi-
plied by the product of the
calibration lamp irradiance and the
detector response at Ag; it is then
directly comparable to the integrand
plotted in figure 2. (Note the ordi-
nate scale change.) The ratio of the
resulting integrals is then the error
due to ignoring the filter side-band
transmission, which is excessive in
this case.

The case i1llustrated is a partic-
ularly adverse one, but it points out
that certain combinations of filters
and detector and radiant sources can
produce undesired results. The above
situation would change if a cali-
brated filter that transmitted ultra-
violet and blocked visible radiation
were employed with the calibration
source to reduce the intensity of the
long wavelength radiation.

The incident fluxes, H(A) and
L(A), are supplied by the experiment
and calibration sources, respectively.
The calibration source is one of
several devices discussed in the next
section. The unknown, H(}), is
directly relatable to the experiment
source strength. Before this quan-
ity can be related to the radiometer
signal, the upper integral in equa-
tion (3) must be evaluated. This
requires that some simplifying assump-
tions be made about H()A). Three
special cases will be discussed:
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(1) If the relative spectral shape of H(A) is not known, all that is
possible to report are the results in terms of an average equivalent flux in
the spectral response region of the radiometer. The equivalent average flux

from a continuum source, defined as
ST ROOTIHG) dA
j;“’ R(A)T(A)dr

(5)

H()o) =

is often reported, the argument, Ay, indicating that the value should be
identified with the region of maximum response of the radiometer. This flux

is then given by

(6)

o) <vt) ST ROOTILO) A
Ha,) = (—
© Ve Jg“ R(A)T(A)dA

In the event that the radiation is a continuum and can be well approximated
by a constant plus an odd-ordered polynomial about Ay, and, if the spectral
response of the radiometer is symmetrical about Ay, it can be shown that
equation (6) is exact for this case, with H(Xp) replaced by H(},), the
value of the continuum at A,. It should be noted that if L(A) can be
approximated by a constant value that is equal to its value at J,, equa-
tion (6) then reduces to the very simple form

H(do) _ YVt
Llo) - Ve (7)

(2) If the relative spectral irradiance is known, the integral can be
evaluated by factoring out the unknown @&, the ratio of the absolute spectral
irradiance to the relative spectral irradiance, namely,

g HOO _ j;m R(A)T(D)L(X)dx (Vt>

_ i _ (Ve (7a)
h(}) j; R(AT(A)h(A)dA

A"
C

where h()\) is the relative spectral flux, W/cm?-p.

(3) If H()) is due to a single spectral line, or a narrow multiplet of
lines (narrow compared to the band pass of the radiometer) and the line irra-
diance I is the desired quantity, only the response of the radiometer at the
wavelength of the line (or lines), Ay, is of interest. Equation (3) then
reduces to

(8)

—
|

jg” RODT(DLD A | /v,
ROLTO) <VE)

where

-
I}

j;m H(A)dA, W/cm?
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Monochromator-radiometer.- If a monochromator replaces the transmission
filter in the radiometer, the foregoing calibration description applies, pro-
vided the monochromator settings (wavelength drive and slit widths) are fixed.
The ability to alter these settings, and thus change the filter properties of
the monochromator, is the reason for using it as the filter element. The
changes in filter properties are related in an orderly fashion, to the mono-
chromator settings; hence, these change may be represented by appropriate
functions in the response equation. We will discuss the response equation
for a grating monochromator,! and the calibration of the various terms therein.
The result is a description of the performance of a versatile radiometer whose
sensitivity, spectral coverage, and spectral band-pass shape are variable over
a wide range and are easily determined from the response equation and the
calibration constants.

The response equation for a monochromator-radiometer, with internal
optics that form a full-size image of the entrance slit at the exit slit and
with individually adjustable entrance and exit slits, is given by
equation (A6):

v =MIN(S],55) j;°° F() FOOHO) dA (9)

where

£ calibration constant (defined in appendix A), V-cm/W, that
characterizes the system sensitivity

MIN(s1,s2) function equal to the smaller of the two arguments, the
entrance and exit slit widths, respectively, cm

i\ normalized transfer function as determined by the mechanical
aspects of the monochromator. This is the term, analogous
to the filter transmission, that characterizes the spectrally
responsive region of the radiometer

F(X) function proportional to the product of detector response and
reflectivity (or transmission) of the internal optical
surfaces. It is usually slowly varying with wavelength,
and mainly indicates changes in absolute sensitivity of the
radiometer as the grating is adjusted to different wavelength
settings

H()) spectral irradiance at the entrance slit of the monochromator,
W/cm?-p

If the slit widths are fixed, then equation (9) reduces to equation (2),
and the concept of a transfer standard remains.

lprism monochromators are not discussed here. One could be used if the
nonlinear dispersion is accounted for in the succeeding equations (see
appendix A).
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Equation (9) may be used to predict the performance of a monochromator-
radiometer once the functions F(X), f(A) and the constant L are determined.
If the side-band radiation is negligible or can be eliminated (by filtering,
for example), some simplifications to equation (9) are possible. Since F(})
is a composite function determined by optical properties that generally do not
vary rapidly with wavelength, it is possible to replace F(A) by its value at
the center of the spectral band pass of the monochromator if the slits are
adjusted to pass a narrow spectral interval. Thus, for this case, F(A) may
be removed from the integral as the constant F(Ay). Further, if the radia-
tion source may be similarly approximated, as would be the case for an incan-
descent filament, equation (9) reduces to?

v SEMIN(s1,5) FOLOG) J[7 FO0dr (10)

where L(),) is, as earlier, the incident flux from the calibration source.
From figure 21 (appendix A), we have

S O = uaX(sy,s2)d (1)

where MAX is defined analogously to the function MIN, and d is the
reciprocal dispersion of the monochromator, u/cm. Eliminating the integral
from these two equations, we get

v =HF(A)L()s 5, d (12)

which is in a form suitable for determining F(A). For convenience, F(A) is
defined to have a maximum value of unity, the normalizing constant being
absorbed in the constant &~ It is necessary only to irradiate the entrance
slit with a standard of spectral radiance, determine v as a function of the
monochromator wavelength drive setting, Ay, and deduce F(A) from the
following equation:

v(ig) |L(X)
F(A\) = F(xy) = HEW) [V(AO)]MAX (13)

Figure 4 shows F(X) determined for radiometers utilizing multiplier
phototubes and all-reflective monochromator optics. Three combinations of
grating blaze wavelength and multiplier phototube cathode types are shown.

Any measurement taken during the determination of F()\) is also an
absolute calibration and may be used to determine & directly by means of
equation (12).

In appendix A, f{A) is derived as a function of the slit widths.
However, this is for the region of primary transmission. There are, in

°The equation in this form is actually more general than is indicated by
the conditions used in the derivation. This equation is exact if f(X) is

symmetrical about X,, and the product F(A)H(X) can be represented by a
constant plus an odd-ordered polynomial about A, as mentioned before.

16



0.2u.-513 0.5.-520 0.75u-51 addition, regions of side-band
transmission, because of the trans-

1.0 - mission of unwanted orders from the
grating and because of optical imper-
F () fections within the monochromator.
Unwanted orders are usually blocked
-5- with an optical filter. The remain-

ing side~band transmission must be
measured, however.
ol 1 | 1 1 I | § .
3 4 .5 .6 .8 10 1.5 The procedure for measurement 1is
X, microns different from that for a transmis-
_ ) bimati . sion filter, as the monochromator is
Figure 4. £0) for various combinations of ot comvemiently placed in and out of
phototube cathode types. a radiation beam. Instead, the radi-
ometer is irradiated by monochromatic
radiation (from an atomic line source) near the wavelength of interest. The
grating drive is then rotated to allow the transfer function to "scan'" the
fixed monochromatic line. This scanning generates the transfer function and
provides quantitative measurements in the side-band regions. The transfer
function shape is assumed not to be a function of grating drive position,
which is to be expected for a normal-incidence grating monochromator. This
technique is questionable when grazing incidence must be used. The response
equation presumes that the slits used are wide enough so that the spectral
band pass of the monochromator is determined solely from the mechanical sizes
of the slits; that is, diffraction effects from the slit edges are negligible.
The range of slit widths over which this assumption holds must be investigated.

Appendix A contains a description of this investigation of a 25-cm focal
length monochromator with a reciprocal dispersion of 0.067 p/cm. The result
is that slit widths from 0.05 cm to 1.0 cm are usable, representing half-
height bandwidths of 0.00335 p to 0.0670 p. Narrower settings would require
separate measurement of f(A), as described above, for accurate results.

An example of such a measurement of narrow spectral band pass is given in
reference 8 for a 25-cm focal length monochromator as above. The slits were
set to achieve a trapezoidal spectral band-pass shape with a half-height width
of 0.0029 yu.

As was the case with the filter-radiometer, the spectral irradiance,
H(}), in equation (9) (the response equation) appears as the unknown in an
integral equation. As before, we consider three special cases wherein H(})
is determined:

(1) The equivalent average incident flux from a continuum source is
given by

v

I—'{—(Ao) =

- (14)
eéMIN(sl,sz)j; F(A) £(A) dA
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which is simplified by means of equation (11) and the assumption
F(xg) = F(A) to
v

"0 = g5 5,ar 07 ()

(2) Equation (9) may be used directly to solve for the absolute strength
if the relative spectral shape of the source is known; namely,

8 = e (16)
:@-MIN(sl,sz)j; F(A) F(AR(A)dA

(3) When H(X) is a single line or a narrow multiplet of lines, and 1,
the line irradiance, is desired, equation (9) becomes

_ %
I _aﬂMIN(Sl,Sz)F(AL)f(AL) (17)

where, as before, I = jzw H(A)dA and A; 1is the wavelength of the lines.
CALIBRATION TECHNIQUES

The use of the calibration apparatus, which is required for the various
calibrations remarked upon earlier, has not yet been discussed. Confronting
the experimenter is a variety of equipment that must be used carefully if the
calibration results are to be trustworthy. The purpose of this section is to
describe the apparatus used during calibration, and to discuss the techniques
required for its proper use. Since calibration and testing usually represent
radically different detector environments, we will emphasize techniques for
determining corresponding differences in detector response.

Absolute Spectral Standards

The common absolute spectral emission standards are of two types:
incandescent tungsten lamps for use in the 0.25 to 2.5-u range, and heated
cavities for use at longer wavelengths. For operation to wavelengths as
short as 0.2 y, short-lived tungsten lamps are available (ref. 19). The sub-
ject of absolute calibration in the vacuum ultraviolet is beyond the scope
of this report. The sensitivity of such detectors, however, is obtained
either by calculation from the physics of the detector or by extrapolation
from a longer wavelength calibration and a known spectral response either of
the detector in question or of a second detector, such as a blackened thermo-
couple. This calculation is then used as the standard (cf. refs. 17, 20, and
21).
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Tungsten lamps.- It is possible to deduce the output from a section of
the filament of a tungsten ribbon-filament lamp,3 utilizing a calibrated
pyrometer and tables of emissivity for tungsten given in reference 22.
(Required for this use are values of brightness or color temperatures as
functions of temperature for tunsten. These are given in reference 23.)
Because of the uncertainties involved and the extra work required, it is usu-
ally more economical to purchase from one of several laboratories a calibrated
standard lamp traceable to NBS primary standards.

Calibrated ribbon-filament lamps as described in reference 24 are
available. These are normally used with calibrated mirrors that image the
filament onto a small aperture to isolate a small portion of the filament.
These mirrors are calibrated for reflectivity as described in reference 24.
Also available are coiled-filament lamps, described in reference 25, which are
calibrated in terms of the flux from the entire lamp onto a surface at a
specified distance. These lamps are calibrated for absolute spectral irradi-
ance as a function of wavelength and at a prescribed current, either ac or dc,
through the lamp. Ribbon-filament lamps are operated at high currents for use
in the ultraviolet. For longer wavelength use, the lamps are operated at a
lower current to prolong their operating life. The long life of coiled-
filament lamps is due to the presence of iodine within the envelope, the
effect of which is discussed in reference 26.

When calibrated tungsten-filament lamps are used, a secondary or working
standard is employed. This working standard is usually an identical lamp
that has been compared to the calibrated standard and then used for routine
calibrations; the function of the standard then is to check the performance
of the working standard periodically. References 24 and 25 give instructions
for operating these lamps. Not cited therein, but of interest, is the rela-
tionship between accuracy of the measurement of current through the lamp to
accuracy of the measurement in radiant output. An approximate relationship
is derived in appendix D for a tungsten-filament lamp at temperatures greater
than 1000° K:

§i . -y SE(X)

T = (1071)TAx EOY (18)
where
§i/i fractional error in lamp current

SE(N)/E(N) fractional error in lamp spectral radiance
X wavelength in microns

T filament temperature, °K

3This procedure is not possible with a coiled-filament lamp, since the
radiant interchange within the interiors of the coils causes the overall
emissivity to be greater than that of tungsten and, hence, unknown.
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For a wavelength of 0.25 u and a temperature of 2500° K, the precision in
current control must be 16 times greater than the desired precision of the

spectral radiance.

An additional need for precision arises because, in prac-

tice, there are three current measurements involved in the calibration of a

radiometer:

one for operation of the standard lamp, one for initial calibra-

tion of the working standard, and one for calibration of the radiometer.
Hence, for calibration in this wavelength regime, it is necessary to measure

the lamp current to the order of 0.1 percent.

The lamp power supply at Ames

Research Center includes a 0.0l-percent line voltage regulator and a

0.1l-percent current meter,

A typical calibration setup, consisting of a ribbon-filament lamp, a
two-mirror train, a mechanical chopper, and aperture, is shown in figure 5.
The two mirrors image the central portion of the filament on the aperture so
that the radiometer receives only the best-characterized emission from the '

filament.

ra3 ~eter

Monachr o 3¢, v

Baffies 10 reduce
scattered rodigtor

Tungsten ribbon
stordard «amp

Curren! mon to* \

standard iemp

Figure 5.- Calibration apparatus using ribbon
filament standard lamp.
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Figure 6.- Spectral irradiance produced by various
standard sources.
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If a coiled-filament lamp is to
be used, the imaging mirrors and
aperture are not used because of the
spatial variation of emission from
the coils. Instead, this lamp is
placed next to the chopper so that
the entire filament is seen by the
radiometer. The chopper is used to
permit ac coupling of the electronics
system; it also permits synchronous
amplification for improved signal-to-
noise ratio. The radiometer being
calibrated in figure 5 consists of a
25-cm focal length monochromator,
multiplier phototube, and a close-
coupled amplifier.

Figure 6 is a plot of the radiant
flux at the radiometer aperture under
typical calibration conditions from
each of the two types of lamps. The
working distance from the source (the
coiled filament or the image of the
ribbon filament) is 50 cm for both
cases, and the area of the image
aperture of the ribbon filament lamp
is 0.1 cm?. The ribbon-filament
output is shown for the two currents,
as mentioned above.

The spectral shape of the curves
for the tungsten lamps indicates the
desirability of using a calibrated
filter, such as Corning No. 7-54, for
calibrating in the ultraviolet. Such



a filter passes ultraviolet and blocks radiation at wavelengths longer than
about 0.4 u. Side-band radiation is thereby reduced at the source.

Heated cavity.- At wavelengths longer than 1 u, it becomes practical to
use heated cavities, designed to approximate a blackbody source. Several
such devices are commercially available, complete with control apparatus to
set and regulate the cavity temperature. Planck's equation (eq. (D2)}) is
then used to calculate the radiant output. ‘

Shown also on figure 6 is the output from a commercial blackbody radia-
tion source (Barnes Engineering Company, model 11-200) having a l-cm? aperture
and operating at 1273° K, which allows calibration of infrared detectors to
longer wavelengths. The calculation was based on a distance of 10 cm from
the aperture to the detector.

Monochromatic Sources

Often a radiation source is required to have almost monochromatic
spectral qualitity, with little or no radiation at wavelengths outside of the
central band. Sources of this type are required for filter transmission
measurements and for monochromator transfer function measurements (appendix A).
Various sources of such radiation are discussed below. In typical applica-
tions of these sources, only comparative measurements are made; hence, the
absolute intensity need not be known, although it could be measured by a
suitable radiometer.

A convenient source of near-monochromatic radiation is a monochromator
irradiated with a continuum source to which blocking filters have been added
to reduce side-band radiation to acceptable levels. The source is then vari-
able in wavelength and is suitable for measuring primary transmission regions
of filters. If the source strength is intense enough and the monochromator
side-band blocking is adequate, the regions of secondary transmission may also
be measured by this source.

Near-monochromatic sources of fixed wavelength may also be obtained with
an atomic line source, such as a low-pressure mercury vapor or neon gas dis-
charge tube, suitably filtered to isolate a line. Some of these sources pro-
duce very intense lines, which can be used for investigating filter side-band
transmission at selected wavelengths. This kind of source was used to obtain
the monochromator transfer function curves shown in figure 22 and discussed in
appendix A.

Observation of Calibration Signals

If a radiometer is designed to operate in a continuous mode (dc), the
output during calibration may be read directly on a suitable galvanometer-
type meter. This is often done with slow response radiometers, such as
camera light meters. Fast response radiometers, however, are usually not dc
coupled, and require a modulated or pulsed calibration source. A modulated
source is conveniently supplied by a mechanical chopper combined with any of
the calibration standards mentioned. A camera shutter could be used to obtain
a single short pulse and the output could be observed directly on an
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oscilloscope. For continuous display,
a rotating, interrupted wheel, as
shown in figure 5, or a tuning fork
chopper, shown operating in figure 7
and described in reference 27, is
usually used. The radiometer output
can then be displayed as a steady
signal on an oscilloscope and can be
compared before, during, and after
irradiance (see, e.g., fig. 28).

The sources available for
calibration in the ultraviolet are
very weak; hence, in this regime, the
radiometer output signal is sometimes
too noisy (see appendix C) to be read
directly on an oscilloscope. To
retrieve the signal from the noise,
several techniques may be employed.
Simple, passive ac filtering of the
modulated signal can provide improve-
ments by decreasing the electronic
band pass (see eq. (C7)), but
extremely narrow band pass is not
possible by this technique. Lock-in
amplification (ref. 28) is used exten-
sively for this purpose and provides
a convenient means of observing sig-
nals buried in noise. A lock-in
amplifier makes use not only of the
frequency of the signal to be sepa-
rated from the noise, but also of the
electronic phase angle that this sig-
nal has with respect to a reference
signal of exactly the same frequency. The reference signal is usually coupled
to the chopper, either mechanically (e.g., by switches) or electronically (e.g.,
by coupling to the signal that drives the tuning fork). This reference signal
is used to provide synchronous rectification of the desired signal, which may
then be converted to a modulated dc signal. The output may be averaged then
over a convenient time interval (depending on the degree of noise) to obtain
effectively very narrow band-pass ac filtering of the initial signal. The
result is then related via the proper constants to the peak-to-peak height of
the radiometer output. Thus, signals may be detected in the presence of large
amounts of noise.

Figure 7.- Tuning fork chopper (operating).

Techniques of Detector Operation
Because the radiometer environment during calibration and during testing

are radically different, both in time duration and intensity, it is necessary
to know (1) the relationship between continuous and pulse operation and
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(2) the linear operating range of the detector. The following is a discussion
of (1) and (2) and of techniques for operating these detectors to ensure
repeatable results.

Multiplier phototubes.- Most problems that are encountered when
multiplier-phototube results are extrapolated from calibration conditions to
test conditions are traceable to changes in sensitivity due to long- or short-
term fatigue, or to one of several saturation phenomena. The following is a
discussion of techniques that have been used at Ames Research Center to
establish operating regimes and to avoid errors caused by these problems.

Multiplier-phototube fatigue depends on many operating parameters (see
refs. 11 and 13). For example, sensitivity variations are usually observed
when large currents are generated between the dynodes. This variation is
affected by the duration of exposure to the radiation and the particular
dynode voltages used. More subtly, if these voltages are changed, the varia-
tion appears to depend on the particular voltages and the duration of exposure
at each voltage. For some tubes, this phenomenon has been observed even at
low currents. These effects are perhaps due to alterations of the dynode
surfaces by electron bombardment, or to the establishment of static charges on
the support structure within the tube. Sensitivity is frequently recovered
when the tube is removed from use. The extent of these effects on each tube
is measured before it is put into service. For some tubes these effects are
severe or the sensitivity is not recovered; such tubes are unacceptable for
use in a calibrated system. At present, none of these fatigue effects is well
understood, and the determination of acceptability of a given tube is an art.
The present acceptance rate is about 70 percent, depending on tube type. Even
after a multiplier phototube has been screened for adverse fatigue effects,
there is some uncertainty in the relationship between the sensitivity of a
tube that has been steadily exposed to a modulated flux, such as during cali-
bration, and the sensitivity of a tube that has been in total darkness for a
long period and then experiences a single, short-duration pulse of radiation,
such as during a test event. A correction to apply to the calibration results
for a possible error due to this effect is determined as follows:

It is presumed that the relationship between these two sensitivities is
a constant ratio. This has been verified as reasonable in the few cases
examined. To measure the effect, the conditions are adjusted so that the
modulated calibration signal is strong enough to be read directly on an
oscilloscope: the reading is made for the steady condition; the tube is put
in total darkness for 15 to 30 minutes; then a short burst of cycles of the
same modulated signal is displayed on the oscilloscope and photographed for
convenient reading. The ratio of steady-state signal to short-pulse signal
is the desired correction for the conditions used. In measurements made by
the authors, the pulse-train length used was 0.01 sec, and the modulation
frequency was 1 kHz. Tests have shown that these conditions represent well
the sensitivity of very short-duration pulses such as those encountered during
testing. These corrections generally are less than 20 percent and may be
positive or negative.
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Fatigue of multiplier phototubes has been observed when these detectors
are physically attached to the facility. Apparently the shock loads from the
ballistic range gun or the shock tube can damage the tube. In some instances
this fatigue has been observed as a change of sensitivity over a period of
months, suggesting a loss of vacuum seal of the tube envelope. Tubes are
available that can withstand high accelerations and should be considered if
they are to be attached to the facility without some means of shock isolation.

For convenience, the usual practice is to calibrate the radiometer at
different multiplier gains so that the detector can be used for a variety of
tests without being recalibrated. The gain constants in response equa-
tions (2) and (9) for a multiplier-phototube radiometer can be measured as a
function of the dynode divider voltage. Figure 8 shows the result of such a
determination. It is apparent from the figure that the current gain due to
dynode multiplication is sensitive to variations in the divider voltage. For
this reason, the high voltage is the operating parameter that must be most
accurately monitored. It is routine to maintain 0.l-percent accuracy in

dynode voltage.

105 —
Multiplier phototubes are linear

devices over most of their operating
range when used in the manner dis-
cussed; doubling the incident flux
doubles the output current. The
upper limit of this linear range is
104 — determined by one of several satura-
tion phenomena. Apparently there is
no lower limit; linearity is retained
with signals so weak as to be barely
detectable from the inherent noise.

The saturation phenomena that
limit linearity are: (1) photo-
cathode saturation resulting from
excessive cathode current; (b) space
charge effects due to alteration of
the static field between dynodes by
the presence of the current electrons;
(c) dynode voltage divider satura-
tion, resulting from high currents
within the tube, which are drawn from
the divider and which cause a voltage
change therein; and (d) saturation of
the subsequent electronic system
(i.e., close-coupled amplifier or
oscilloscope). If a fixed cathode
o' ! ' ! ! J I area is irradiated, it is not neces-

4 .6 .8 1.0 1.2 1.4 1.6 . .
Overall dynode voltage, kV sary to differentiate between the
o first two phenomena mentioned. How-
Figure 8.- Gain constant of a multiplier ever, in the case of the

phototube showing variation with .
divider high voltage. monochromator-radiometer, the cathode

o
w
b

Gain constant, arbitrary units
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area varies (because of the variable exit slit width and the divergence of

the exiting beam). The effect of this will be discussed later. Divider
capacitors are used to present the long-duration (msec) calibration pulses
from changing the dynode voltages, which would result in voltage-divider satu-
ration. During short test events (usec), the charge depletion of these capac-
itors is so small that space-charge effects limit the linear operation at
dynode currents much lower than those that would cause divider saturation. It
should be noted that extraneous radiation falling on the photocathode loads
the radiometer and promotes saturation during pulse response.

The method of determining saturation is exactly as described in
reference 2. A filter is measured for apparent transmission by placing it in
and out of a radiation beam incident on the radiometer. The ratio of the
readings is the transmission if the radiometer is operating linearily. If
the transmission is repeatedly measured with increasing radiation intensity,
eventually the radiometer with the filter out of the beam will be slightly
saturated. This is noted by an increase in apparent transmission. The upper
limit to the linear operating range of the radiometer is thus determined.
Saturation effects are dependent on pulse lengths when divider capacitors are
used (see appendix B), so the radiation source should have approximately the
same time duration as the test source. For ballistic-range applications,
pulsed gas discharge tubes with a duration of about 2 usec may be for
evaluating saturation effects.

The measured limit of the linear behavior of a multiplier phototube is
shown in figure 9. The output voltages were measured at the multiplier-
phototube anode and were plotted as equivalent output from the amplifier
described in appendix B (see fig. 23). In figure 9, the maximum output

Cathode areo voltage for linear operation is
100 O 16mm x 20 mm plotted as a function of the overall
Al mmx 20mm dynode divider voltage. The maximum
Cathode type S-20 linear amplifier output is shown as
o a constant value - nominally, 5 V.

E
ce o'
3

The saturation of the multiplier
phototube at divider voltages greater
than about 600 V was from space-
charge saturation alone. Cathode
saturation effects are noted at lower
divider voltages.

The larger irradiated cathode
area (6 mm by 10 mm) corresponds
approximately to the maximum attain-
able when the multiplier phototube is
used with the described monochromator
(see fig. 17). The area was reduced
AL | to 1 mm by 10 mm to correspond to a
o] 2 4 .6 .8 1.0 1.2 . - . .

Overall dynode voltage, kv narrow exit slit setting. The dif-
ference in the resulting curves

Figure 9.- Multiplier phototube and amplifier indicates that in this range a
saturation.

Equivaient omplifier output, V
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contribution to the saturation was produced by cathode saturation.
Manufacturers' data for multiplier phototubes usually include the maximum
cathode current that is linearly related to irradiance. Calibrated neutral
filters may be required to prevent the phototubes from exceeding this current.

If only a termination resistor were used (no amplifier), the proper
operating range would be below the curve, corrected to account for amplifier
gain. The hashed area in figure 23 indicates the proper operating range for
the amplifier shown. Note that if the divider voltage is above 400 V, the
amplifier saturates at a voltage that still allows the multiplier phototube
to operate linearly. This saturation has a recognizable characteristic; it
results from clipping of the waveform by the output stage of the amplifier so '
that it is easy to ascertain from the oscillogram of the test whether the
instrumentation was saturated. This is not the case with the other mentioned
causes of saturation, as the waveform is not recognizably altered. At lower
divider voltages, the space-charge effects or cathode saturation determine
the maximum linear output voltages.

Solid-state infrared detectors.- As noted previously, the mechanism of
photocurrent generation in these detectors is somewhat different from that in
multiplier phototubes; consequently, different procedures must be considered.
In particular, the linearity and rise time of the detector is strongly influ-
enced by the circuit in which it is incorporated; hence, it is important to
measure these parameters with the exact circuit that will be used during

testing.

As mentioned in a previous section, maintaining low voltage across the
detector terminals produces linear operation. The reason for this behavior is
seen in figure 10. Shown here is the dc equivalent diode circuit used in
reference 29, connected to an external circuit that presents the detector with
load, Rg. The diode is assumed to consist of a current generator with output,
i, proportional to the irradiance, paralleled by a diode and a leakage resis-
tance. Note that the internal voltage gradient of the diode junction causes
current to flow in the forward direction of the diode (ref. 14), and hence
must have a polarity opposite to the diode current, ip, and the leakage
current, ip. A summation of the currents at a junction shows that
ig = -ig + ip + ip. The diode cur-
rent is given by reference 29 as an
equation of the form

Externgl circurt
Photodiode -— e m am
|
|
v
|

iD = is[eXp(BV) - 1]

where 1ig and B are characteristics
of the particular diode, and v 1is
the voltage across the diode. The
leakage current is v/R;, so that the
external current may be written:

Re

14 Xlrradiance

Ip =15 {exp (BV]-1) ‘
e /"/RL v

ip = _i¢ + is[exp(Bv) - 1] + ﬁz (19)

Figure 10.- Equivalent circuit for photodiode.
Clearly, as v approaches zero, the

second and third right-side terms of
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equation (19) vanish, and the external current is in proportion to the
photon-induced current. Obviously, one method for making v approximate
zero is to make Rg as small as possible, since v = igRg. The extent to
which v can become nonzero and not induce appreciable nonlinearity depends
on the diode parameters of the individual detector. The diode parameters are
obtained by fitting the above equation to a determination of 1 as a func-
tion of v for a condition of constant irradiance. This is done simply by
impressing a series of voltages across the detector and observing the resul-
tant current. Figure 11 is a measured current-voltage curve for a cooled
InSb detector; the circuit used for the measured is also shown in the figure.
The least squared-error fit of equation (19) to this curve gave the following
diode parameters:

40~ “deasurement circurt

1.723x1079 A

x ] ig =
7 mj*%:}—j Ry, = 1.75x10° @
T [ ?j;{““q B = 86.5559 V7!

Substituting these values in equa-
tion (19), one can obtain the detec-
tor current at which the output is
10-percent nonlinear (i.e.,
i/i¢ = 0.9) as a function of detector
load impedance. Figure 12 illus-
Figure 11.- Diodec curve for cooled (77° K) InSb trates the results of this calcula-
infrared detector. tion for the detector mentioned
above; shown also as IB in the
figure is the current induced by the
107 297° K background. Note that for
impedances greater than 100 ohms, the
effective dynamic range of the detec-
tor becomes severely restricted.

o
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Clearly, the nonlinearity limits
for a given detector will be a strong
function of its diode parameters,
particularly the saturation current,
ig. Hence, if the detector is to be
terminated by more than a few tens of
ohms, it would be prudent to ascer-
tain linearity limits, either by
measurement of diode parameters or by
direct measurement of the signal
output as a function of irradiance.

6I
&
I

Output current ot (0% nonlineority, A

wﬂ; w2 o3 |& Absolute calibration of these
Detector termination impedance , & detectors is done as has already been
discussed, by utilizing a heated
Figure 12.- Nonlinearity limits for InSb cavity as the radiation standard.
detector.

The source strengths available wce
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usually adequate to measure the sensitivity at a series of intensities to
cover the desired range of test intensities. Of the detectors examined, those
that used the low-impedance amplifier described in appendix B, exhibited
linear behavior over the entire operating range of the radiometer, from sig-
nals just discernible from the amplifier and background shot noise (the limit-
ing noise sources), to signals just saturating the amplifier - a dynamic range
of about 3 decades.

Rise time is a function of the particular detector and of conditions
imposed by the subsequent amplifier, and it is not readily calculable. It
has been observed by the authors that the rise time of an InSb detector is
affected by the bias voltage and is.near a minimum at zero volts. For short-
event applications, the reduction of infrared data often requires accurate
knowledge of rise time and fall time. Thus, it is advisable to measure these
properties directly. There are several types of solid-state infrared radia-
tion sources that are suitable for this purpose. The authors have used a
commercially available GaAs light-emitting diode (HP Associates model 4106)
that emits radiation when a current pulse is applied. The spectral emission
from this diode is a strong band at 0.9 p and a weak continuum extending to
about 1.5 u. The time response of the 0.9-u band radiation was measured as
follows.

The diode was set up to irradiate an S-1 type multiplier phototube
through a filter that isolated the radiation at 0.9 p. A short rise- and
fall-time rectangular current pulse was applied, and the output of the
multiplier phototube noted. The diode emission was observed to follow the
current pulse to within 40 nsec, which was the readout system time response.
This source was then used to measure the time response of a cooled InSb
infrared detector at 0.9 pu. Figure 13 shows an oscillogram taken during this
measurement. The irradiance was too weak to obtain a noise-free signal from
a single pulse, so a large number of sweeps were averaged. The upper trace
shows a single sweep superimposed on the record of many sweeps. The lower
trace is from the current pulse
through the diode (representing the
radiation pulse shape). The rise
time observed in this case is shorter
than 0.5 usec, indicating that these
detectors can be used to time-resolve
infrared events to this time scale
without having to make large correc-
tions to the data to account for
detector time response. This agrees
with the response times given for
cooled InSb given in reference 7.

When making measurements such
as described above, it is important
to filter the output from this emit-

Time, microseconds ting diode to exclude the long wave-
Figure 13.- Oscillogram showing risc time of InSb length ConFlnl_‘lum‘ . I‘f this pO?‘thn
radiometer. of the radiation is included in the
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irradiance to the infrared detector, a much longer time response is observed.
This is apparently due to slow time response of the long wavelength portion of
the diode radiance rather than to the detector rise time being wavelength
dependent. To verify this a liquid nitrogen cooled InAs emitting diode (Texas
Instrument) was used to make the same measurement. The manufacturer's speci-
fications for this diode indicate that the spectral radiant output is confined
to wavelengths between 1 and 3.3 p, and that the rise time is about 100 nsec.
This device is spectrally better suited than is the GaAs emitting diode for
measuring the rise time being described. However, the InAs diode is mounted
in the bottom of a small Dewar, much like the cooled IR detector, and it is
optically much more difficult to couple this source to the detector. The
detector rise time observed with this source was essentially the same as that
obtained with the GaAs source.

The preceding results are for cooled InSb detectors. Doped semiconductor
materials for use at longer wavelengths may show dual time constants; that is,
response at short wavelengths may differ from response at long wavelengths
(ref. 7). Additionally, rise time and fall time may be different.

The various mechanisms that cause drift in multiplier phototubes have no
obvious counterparts in solid-state detectors. Solid-state detectors should
have good long-term stability of sensitivity. Stability of sensitivity of
solid-state detectors has not been investigated extensively by the authors;
however, the following test was made.

A commercially available, cooled InSb detector was set up and the
response to a 500° K blackbody source was measured several times a day for
five days. It was found that the variation over an 8-hour period was less
than 0.5 percent, and the variation from day to day was on the order of
1 percent. It is believed that this level of stability is typical of a
detector in good working order.

APPLICATIONS

The preceding discussion has been confined to that of individual radiom-
eters, but seldom is a single radiometer sufficient for experimental appara-
tus. Instead, complicated arrangements usually result from design to a
particular application. It is, therefore, of interest to consider radiometer
systems that are actual data collection systems. Three diverse systems cur-
rently in use at the Ames Research Center will be discussed.

The first system consists of three monochromator-radiometers arranged
in such a way as to have a common optical axis normal to the flow within a
shock tube (fig. 14). The radiation in a direction along the optical axis
from the hot gas contained in the view field is diverted to the radiometers
via the partially transmitting mirrors. This system was used by Arnold
(ref. 8) to study chemical kinetics.

A second system consists of. a grating monochromator (with four gratings)
whose effective entrance slit is the radiating shock layer of a blunt
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Figure 14.- Shock tube radiometer system using
three monochromator-radiometers with a
common optical axis.
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Figure 16.- Schematism of multichannel radiometer
upper bank drawn to scale.
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ballistic-range model, and which has
four exit slits, each equipped with a
multiplier phototube (fig. 153).
Ideally, the ballistic-range model
should be blunt and should exhibit
only bow-shock radiation; this system
could then be employed to give con-
tinuous coverage over a wide spectral
range at the sacrifice of spatial
resolution of the radiation. The
gratings are adjusted so that each
detector receives a different spec-
tral range, thus providing total
coverage from 0.2 to 1.0 u with no
interference from higher orders of
the gratings (see page 6). This
instrument is described in detail in
reference 30. The four-channel
instrument is an extension of the
single-channel scanning monochromator
described in reference 31. The
earliest reference to such a device
appears to be reference 32.

A third system, which has not
been described elsewhere, is a multi-
channel radiometer consisting of 18
monochromator-radiometers. This sys-
tem is used primarily to study radia-
tion spatially resolved in the
direction of travel from the flow
fields of ballistic models. The
radiometer system is on two tables,
one of which is shown schematically
in figure 16 (drawn to scale). Each
table forms a base for nine channels.
A channel consists of an individual
monochromator-radiometer equipped
with a multiplier phototube (fig. 24)
and a mirror, and is shown in fig-
ure 17. Incoming radiation is
directed by mirrors into the entrance
slits. The model travels only a
short distance during the period of
data collection; thus each mirror can
be adjusted so that the optical path
within the monochromator remains
fixed for both calibration and experi-
ment. Each monochromator is a Bausch
and Lomb instrument of 25-cm focal
length, having all internal optics



Figure 17.- Monochromator-radiometer as used in Figure 18.- 18-channel radiometer system before
the 18-channel radiometer. the Ames Hypersonic Free-Flight Radiation
Facility.

reflective; it allows spectral resolution from a few angstroms to 800 3,

using a 600-line/mm grating. The entrance and exit slits are independently
adjustable. Each channel observes the model in the view field with an optical
direction not exceeding a few degrees from a normal to the flight path. The
second table is located beneath the top table, in an identical position,
except that the optical path is displaced in rotation from the top table 17.5°
about the flight path. This angle was shown to introduce negligible error for
cone models flying at angle of attack, based on results reported in refer-
ence 33. In figure 18, the front half of the entire radiometer system is
shown positioned before the Ames Hypersonic Free-Flight Radiation Facility.
The entire system assembly can be moved without disturbing any of the com-
ponent radiometers. Recording oscilloscopes and power supplies are located
remotely, and all electrical connections are made at the panel at the rear of
the assembly.

Final alinement for each radiometer channel is by means of mounts that
allow translation within the frame. A point light source is moved about on
the center line of the test section in the view field, and the channels are
adjusted so that each mirror (figs. 16 and 17) is as close to the center of
the table as possible without eclipsing the other mirrors farther from the
test section. This arrangement minimizes the total horizontal angle sub-
tended by the outermost mirrors. The mirrors are then adjusted so that the
beam is centered on the entrance slit.

The slit at the test-section window is adjustable from fully closed to
5 cm to provide a range of view-field widths within the test section. The
penumbra of the view field is controlled by the monochromator entrance slit
width, and thus may be vanishingly small compared with the view-field width.
A typical oscillogram obtained from a channel during the ballistic-range test
of an ablating plastic model is shown in figure 19. The settings for the
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Figure 19.- Oscillogram obtained from ballistic range test with a multiplier-phototube radiometer.
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channel were: entrance slit, 0.5 mm; exit slit, 8 mm; and distance from
flight path, 1 m. Features of this oscillogram are indicated and matched with
pictures of the model placed in proper position with respect to the radiometer
view field. The radiating flow field around the model and in the wake are
clearly visible. Note the change in slope of the trace when the sides of the
model have come fully into the view field. The rapid change of the radiometer
output as the model enters and leaves the view field indicates the narrow
penumbra (0.5 mm) and short rise time of the radiometer (approximately

40 nsec). It is instructive to compare this figure with the corresponding
figure of reference 2 obtained under similar conditions, but with much wider
penumbra and a longer rise-time radiometer. With various combinations of
multiplier-phototube types and monochromator grating blaze angles, the system
can in practice contiguously cover the spectral region from 0.2 to 1.1 u with
good sensitivity.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., 94035, June 27, 1969
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APPENDIX A
MATHEMATICAL MODEL OF MONOCHROMATOR-RADIOMETER RESPONSE

A radiometer, as discussed in this paper, consists mainly of a quantum
detector, a spectral filter, and an amplifier, and has some means of defining
the view field. The spectral filter may be any of several devices; in this
appendix a grating monochromator will be considered for use as the spectral

filter.

A monochromator used as the filter has the desirable feature of being
variable in spectral coverage and band-pass shape. However, for convenient
use of the radiometer, it is desirable that the absolute spectral sensitivity
be controllable and describable in terms of calibration constants. Before a
radiometer can be calibrated and used as a variable wavelength and band-pass-
shape instrument, equations must be derived that define its performance in
terms of the controllable parameters (viz., wavelength setting and slit
widths). These equations indicate the most efficient calibration procedure
and predict absolute spectral sensitivity under a variety of conditions.

In this appendix a response equation will be derived. The derivation

relies on a derived normalized monochromator transfer function that will also
be discussed and compared with measured results.

RESPONSE EQUATION

Grating Monochromator

The response of a monochromator-radiometer to a radiation source is, in
general,

v =G f7 R(s1,52,00,H(A)AA (AD)
where
v radiometer output, V
G electronic sensitivity, (V)Output/(A)detector
H()) spectral irradiance from the source, W/cm?-y

R(sy1,S2,2052) spectral response of the radiometer, here considered to be
additionally a function of the monochromator slit widths
. . . 2
and grating drive setting, (A){etector/ (W/cm )incident
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$1,52 entrance and exit slit widths, respectively, cm

A monochromator grating drive setting, n

0

A integration variable representing wavelength, u

When a multiplier phototube is used for the detector, we will define the
detector current as the cathode current and associate the resultant dynode
multiplication with the system electronic sensitivity, G.

The spectral response of the radiometer, R, is derived as follows. The
spectral power, P,, at the exit slit plane, contained in a monochromatic image
of the entrance slit, is given by:

Po (W) = s ZH(A)T(A), W/ (AZ)

where 1()A) is the aggregate transmission of the internal components of the
monochromator, and 7 is the height of the entrance slit, cm. The normalized
transfer function, f(A), is the geometric fraction of the monochromatic
entrance slit image passing through the exit slit, normalized to unity.l! The
“fraction, £(A), of this power that leaves the exit slit is:

7 for s; < s,
() = (A3)
(z%) ) for s; > s,

for an equal focal length camera and collimating optics (i.e., the entrance
slit magnification is unity). It is seen in figure 20 that the maximum frac-
tion of the entrance slit image leaving the exit slit is unity, or s,/s;

for the two cases indicated by equa-
tion (A3). Assuming that all the
radiation that leaves the exit slit
arrives at the sensitive area of the
detector, we can rewrite equation (A2},
using equation (A3), and we have the
power at the detector,

~ sr\'l (
i‘//Mcunoz:l'mmt.mc imoge

of entrance siif

Py = Pof(A) = IMIN(s1,s2) (M) F(AHQ)

(A4)

Figure 20.- Sketch showing relation of exit slit H
and entrance slit monochromatic image (at where MIN(SI’SZ) 1S equal to the

A = %) for s; > s; and s5; < s5. smaller of the arguments. Finally,

lFor the case of a filter radiometer, the analogous normalized transfer
function is simply the normalized filter transmission.
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if the quantum efficiency of the detector is & (1), the spectral response of
the radiometer is given by

PoE(N)
Q= Ig(_n = IMIN(s1,55) T(MEN L) (A5)

If 1 1is taken to be a constant, the response equation, (Al), becomes
v = HMIN(s1,52) j:" F(A) FO)HM) dA (A6)
where -#F()) = GE(M)T(A) L.

Under this definition, -~ is not taken to be a function of X; hence, the
wavelength dependent terms are contained in F(X). To evaluate the functions

Zfand F()) separately, we define for convenience:

F(A) = T(WEM) A7
) [t(WVEM) Tyax (A7
whereby then

Note that [t(A)E(A)]yax 1s a constant, and F(A) has a maximum value of
unity according to this definition. Variations in sensitivity of the radiom-
eter that are caused by changes in the system current gain (e.g., changes in
multiplier-phototube high voltage) are manifest in-%*, and variations caused
by changes in spectral coverage of the radiometer (viz., change of grating
position within the monochromator) are manifest in F(X). Calibration of the
monochromator-radiometer consists in determining the functions =< and F(A);
as discussed in the text of this report.

15, -5,14 The normalized transfer function
__j r—_ f(A) is shown in figure 21 for slits
1o wide enough that the diffraction
image size may be neglected; grating
£ orders above the first order are
assumed to be blocked. The half-
width (width of the trapezoid at
f(x) = 1/2) is given by the function
Mox {S), S¢) ¢ MAX(sj1,s»), which is equal to the
larger of the arguments, multiplied
by the monochromator reciprocal dis-
o ; v persion d, in p/cm. The width of
Wavelangth the flat portion at f(A) = 1.0 is
given by the indicated formula,

Figure 21.? Analytic form of normah;ed transfer which reduces the transfer function
function of a monochromator-radiometer.
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to the familiar triangular shape when the slit widths are equal. The reader
is directed to reference 34, chapter 6, for a derivation of the above figure
that shows the normalized transfer function.

The following is an empirical determination of f(A) for a monochromator-
radiometer. This determination consists in showing experimentally that the
form given in figure 21 is indeed applicable to the instrument. This will be
done in two parts: first, it will be shown that the output signal of the
radiometer obeys the response equation that is obtained when the form of
f(A) is used in the equation; and, second, it will be shown that the func-
tional shape of f()), measured at the selected wavelength and slit widths,
is the same as shown in figure 21.

A continuum source is convenient for performing the first test. Equa-
tion (12) is applicable for this case:

v =ZF(Ag)H(Ag)s1s2d (A9)

where H()y) is the spectral irradiance from an arbitrary continuum source.
Thus, if a matrix of radiometer output voltages is compiled as a function of
the slit widths, s; and s,, with all other parameters in the above equation
fixed, and it is found that the voltage is proportional to their product,
then it may be assumed for this case that the radiometer is obeying the
response equation.

In a radiometer design developed by the authors that utilized eighteen
25 cm focal-length monochromators, each with a reciprocal dispersion of
0.067 u/cm, it was found that the radiometer followed the above proportion-
ality if an effective slit width was used. This is defined as follows:

s =8 ~38§ (A10)

where s 1is the indicated slit width, and & is an offset correction that is
determined empirically for each slit drive by measuring the radiometer output
over a range of signals and choosing the value of & that best fits the
response equation to the data. The method of determining effective slit
widths gave acceptable agreement between predicted and measured radiometer
outputs over a range of slit widths from 0.05 cm to 1.0 cm. The offset cor-
rections were from O to 0.02 cm for this system. In the initial adjustment
of the slit drives, the slit jaws were closed and the knob was set on the
shaft to indicate 0; thus, the "offset" corrections discussed here do not
represent a simple mechanical offset.

The form of f(A) could be obtained by irradiating the entrance slit of
the monochromator-radiometer with a monochromatic beam of variable wavelength.
As the wavelength of the incident beam is varied in the region about )\, the
output of the radiometer will be proportional to the instantaneous value of
f(A), assuming that the power in the beam remains constant (see eq.(17)).
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Since it is sometimes difficult to obtain a monochromatic beam that
meets the above requirements and whose power is independent of wavelength, an
alternate approach employs an isolated atomic line for a source (e.g., a line
from a low-pressure mercury lamp). Varying A, 1in the vicinity of the line
has the effect of causing the function f(X) to scan across the line wave-
length; the corresponding output is proportional to f(A) as defined on the
slit settings being used.

Figure 22 shows the functions f()) as determined for two slit settings

on a 25-cm focal-length monochromator-radiometer. The points represent the
data, and the dashed lines represent

T ﬁﬂjgﬁgﬂ}\ the given form for f(A). The agree-
s s P NI ment between data and given form is
o9 e e /g hY \ excellent here, as it is in many
==t 67/ \\\ other combinations of slit widths
s ¥V &\ from several monochromators examined
o ﬁ/ N by the authors. However, when slit
b Y AN widths of 0.05 cm or less are con-
/) N\ sidered, the data and theory begin
L //%/ Mo et ot f\\ to diverge. This lack of agreement
: / 0 4358 mcrons . . .
Aé £ 3y mlght be_due.ln pgrt to thg manner in
/ \ °\  which slit width is determined,

ol — A 1 AO JoTV A 1 1 1 t A\ ON .
“ “ 2 ovatangin, meroms o %' 2 mnamely, s = s - 6. The offset is

determined by assuming that the

Figure 22.- Comparison of measured and analytical energy 1eaving the slit and arriving
transfer function. . .
at the detector is proportional to

the slit-reading less the offset. If the slit jaws are not parallel, or if
the drive is not accurate, then the actual zero width cannot be determined by
extrapolation in the manner defined.

It is evident that for precise narrow band-pass radiometry, such as
isolation of one particular sequence of a molecular system, the center wave-
length and spectral band-pass shape of the monochromator-radiometer must be
accurately known. Small error in knowledge of X, might lead to severe
attenuation in the spectral region of interest. It is possible to perform
the calibration by determining f(X), as has been outlined, using a line as
spectrally near the region of interest as possible. This provides a wave-
length drive calibration that can be transferred to the required setting, as
well as spectral band-pass calibration. Reference 8 discusses work of this
nature, and the calibration procedures are discussed therein.

Prism Monochromator

The preceding analysis of the behavior of a detector fitted to a grating
monochromator applies to the use of a prism monochromator if the user accounts
for the nonlinear dispersion of the prism. The normalized transfer function
for a prism monochromator is not constant with Ay (as it is for a grating
monochromator used near normal incidence). The transfer function usually
increases in half-width with decreasing wavelength (depending on prism mate-
rial and wavelength). Reference 35 gives results of measurements of prism
monochromator transfer functions that would be useful in this instance.
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APPENDIX B

AUXILIARY ELECTRONICS FOR MULTIPLIER PHOTOTUBES AND
SOLID-STATE INFRARED DETECTORS

By Donald E. Humphry

In general, the detectors described in this paper are not capable of
driving recording equipment (e.g., oscilloscopes) directly. For short rise-
time use, multiplier phototubes and the InSb infrared detectors require
matching of their impedances to those of the cables connecting them to the
recorders; also each requires its own particular support electronics. The
multiplier phototube requires a voltage divider to supply an array of voltages
to the dynodes in order to achieve electron multiplication. Capacitors are
required at the dynodes to maintain these voltages during high-level pulses
when the currents within the tube cease to be negligible compared to the
divider current. The infrared detector requires a means of controlling the
bias voltage it generates from the ambient radiation flux. In addition, the
infrared detector exhibits improved performance if it is used with a low
impedance circuit.

MULTIPLIER PHOTOTUBES

A multiplier phototube may be operated with the anode terminated by a
noninductive resistor; but to drive a remote oscilloscope, the low resistance
required for high-frequency response results in low voltage signals. These
signals must be made high enough (by amplification within the tube) to
dominate subsequent recorder system noise, including noise externally induced
into the cable. Amplifying the current within the tube in order to overcome
recorder system noise reduces the dynamic range of the system. A large
improvement is realized if a high-frequency response amplifier is closely
coupled to the detector. Close-coupling reduces the externally induced noise
into the lead from the multiplier phototube to the amplifier and reduces the
capacitance at the amplifier imput. A larger resistance may then be used to
achieve the same frequency response which results in a desirable voltage
increase at this point. The signal is then amplified and the amplifier
terminated with the correct cable impedance.

The dynode voltage divider is comprised of a series of resistors through
which a current is passed. The dynodes are connected to these resistors to
obtain the necessary voltages. Reference 12 contains a general discussion of
multiplier-phototube voltage dividers. Here we are concerned with optimizing
the dynamic range for pulse operation. Electron multiplication is very sensi-
tive to any changes in dynode voltages, so it is necessary to keep these
voltages constant despite the relatively long duration pulses that are pro-
duced during calibration. This is achieved by bypassing the dynode divider
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10 STAGE - resistors to ground with a series of
MULTIPLIER PHOTOTUBE - - .
f - SHiEs capacitors, see figure 23. The size
| anooe DYNODES ) . .
- ..y o Jjeamoe  of the capacitors required depends on
180K | 180K | 180K | 180K | 80K | 180K | 180K | 180K | 180K Iz]gx the magnitude and duration of the
v | 1 | ar| 22 | . 047|022 [ o [00a7 current pulse within the tube and the
ik i It 13 it i i It HV. .
. _ (-500 T0-2000%) resistance of the dynode voltage
| 3SRk divider. The capacitors were chosen
oy TERMINATION . .
*1 ouTPuT to maintain the dynode voltages
1t aneg7 CABLE (RG-71/U) . . .
0 within 10-percent for an arbitrary
adverse operating condition; namely,
o low over-all dynode divider voltage,
high cathode current, and long-
duration pulse length. The values

180K

100K

INT07

NOTE ALL RESISTORS /2 WATT were: 50 V per Stage , 20 uA’ and
Figure 23.- Multiplier-phototube amplifier and 0.001 second. The least current is
dynode voltage divider. drawn from the cathode to the first

dynode and becomes more to each dynode, progressing toward the anode. Thus
the last dynode requires the largest capacitance, with each preceding dynode
requiring progressively less. The first dynode is not bypassed because here
the current within the tube is always negligible compared to the dynode
divider current. A dynode voltage divider with capacitors is shown as part of
the amplifier circuit in figure 23.

If the output of the multiplier phototube is used directly without an
amplifier, the rise time depends on the value of the output resistor and the
amount of capacitance in parallel with it (usually from the cable and the
oscilloscope input capacitance). The rise time, 1., is approximately twice
the time constant, that is, 7, 2 2RC, where R and C are the above-mentioned
resistance and capacitance. However, if a coaxial cable is properly termi-
nated by a resistance equal to its characteristic impedance, the cable does
not contribute to the above capacitance.

The amplifier in figure 23 is a current amplifier with a gain of 121.
It is in two stages, each having a current gain of 11. Each stage is com-
posed of two transistors with feedback such that the current gain is con-
trolled by the ratio of two resistors, and is given by [1 + (R;/Ry)]. The
gain, then, is practically independent of transistor parameters and can be
changed easily by varying the feedback resistor ratio. The output of the
amplifier is connected to an oscilloscope by means of a coaxial cable
(RG-71/u), and terminated at the oscilloscope with its characteristic imped-
ance (100 Q is used for convenience instead of 93 @, which is exact for this
cable). This is necessary in order to avoid distorting the leading edge of a
fast-rising pulse.

The amplifier is designed to operate with a negative input pulse (viz.,
output of a multiplier phototube), and it is with this type of an input that
it has the greatest dynamic range, approximately 5 V into 100 Q. Care must
be taken when the multiplier phototube is receiving a steadily modulated
radiation signal, such as a square wave as is produced during radiometer cali-
bration, because the amplifier saturates on a positive signal at about 0.2 V.
This saturation is not apparent from the observed wave shape. With this type
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of signal input, the output should be
limited to 0.4 V, peak-to-peak. The
band pass of the amplifier is from

5 Hz to 8 MHz at the 3 DB points.

Figure 24 is a photograph of
this amplifier, including a voltage
divider, multiplier phototube, and
integral mounting frame.

When the amplifier described
above is used, the level of output
. noise is normally determined by the
Wghwoitoge divider. T1IO01S€ in the multiplier phototube
, itself (see appendix C). The
amplifier-generated noise is approxi-
) o mately 10 mV and is negligible if the
Figure 24.- Multiplier-phototube assembly, . . .
including dynode voltage divider and mU]'tlpller phOtOtUbe 1s OPerated at
amplifier. high gain.

SOLID-STATE INFRARED DETECTORS

The amplifier used with the InSb infrared detector is shown
schematically in figure 25. The amplifier is a current amplifier with a
total current gain of 1300 and a band pass from 5 Hz to 1 MHz. The input
impedance is approximately 10 Q. The output of the amplifier drives a cable
terminated with 100 @.

Since this amplifier has high gain and a wide-frequency response band,
there is a problem of undesirable feedback that results in an oscillation of
the amplifier. Therefore, the amplifier and the detector are mounted in the
same chassis with minimum lead length between the detector and the output of
the amplifier and with component placement that minimizes the likelihood of
this undesirable feedback. In addi-
tion, a mechanical baffle is used to
A separate the .input stage of the
: o amplifier from the detector. This is

"

o 3 3 ! o done to avoid a possible zero shift

L oK by 7 » nveas .
N o el o hstin ., ., between the input stages due to the
T i "I Tim, . cooling effect of the cold detector

environment. Two complete amplifier
and detector assemblies are shown in
figure 26.

NOTES
| ALL RESISTORS /4 WATT UNLESS OTHERWISE SPECIFIED

B T R ona ame Fom Rt e F et ouE e RESPONSE The input stage of the amplifier
is a differential input and is dc
coupled to the detector. The bias on

Figure 25.- Low-impedance amplifier for solid- the detector, that is, the voltage
state infrared detectors. between input stages, can be adjusted
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Detector aperiure

Bottom view

Low impedance
amplifier

InSb detector Top view

Figure 26.- Infrared radiometer.

to zero with the variable resistor
in the collector circuit of one of
the input stages (shown in fig. 25 as |
bias adjust'"). Because of the low
input impedance of the amplifier, the
bias does not vary appreciably during
the time the radiation signal is
present.

The amplifier is a pulse
amplifier and is designed to have a
wider dynamic range for a positive
polarity signal going to Qla. There-
fore, one must insure that the posi-
tive lead of the detector is
connected to Qla. When calibrating

the detector with a modulated radiation signal, the output voltage into a
100 Q load must not exceed 0.4 V peak-to-peak in order to avoid saturating the

amplifier.

For normal single-pulse operation the output voltage can reach

4.0 V into a 100 Q load before saturation.

The noise output is due primarily to current produced by the differ-

ential input stage of the amplifier.

This noise current is dependent on the

impedance between the input terminals and, therefore, on the particular

detector.
mately 1 by 1 mm were from 2 to 8 mV.

Noise levels observed by InSb detectors with flakes of approxi-

To prevent the amplifier from ringing on a fast-rising input pulse, small
compensating capacitors are required in parallel with the feedback resistors,

as indicated in figure 25.
particular detector being used.

The value of these capacitors depends on the
To determine this value, a fast-rising radia-

tion pulse should be fed into the detector (via the GaAs light emitting diode
described earlier, for example), and the capacitors adjusted until the

ringing is minimized.
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APPENDIX C

DETECTOR NOISE LIMITATIONS

Often a ballistic-range or shock-tube experiment requires accurate
measurement of very low power sources. Some noise source is inherent in any
radiometer design, and eventually it obscures a low-level signal, thus plac-
ing a lower limit on the source power which can be measured. It will be
shown that this lower limit is a function of the precision required and the
measurement time interval. The lowest source limit for any radiometer is
achieved when the dominant noise is that from the inherently random arrival
of photons at the detector from the source being measured. When the number
of photons that are incident on the detector during the measurement time
interval becomes small, the degree of precision to which measurement can be
made is decreased. Multiplier phototubes approach this 1limit. Additional
noise from the incident photon flux is observed when IR detectors are used.
These detectors respond to the ambient IR emission from the room-temperature
background, or from the filter before the detector. Indeed, there is always
ambient incident radiation on any detector, but the contribution to the noise
from the ultraviolet and visible (the photocathode regime) emission is negli-
gible. With either detector, the noise is increased after the subsequent
conversion of the photon flux to a current, and after the amplification of
that current to a value adequate to be measured by conventional oscilloscopes.
The resulting test signal of interest is compared to the final noise, and the
ratio is termed the signal-to-noise ratio (abbreviated S/N hereinafter).

This definition will subsequently be made precise,.

Noise sources of radiometers that are used to measure short duration
signals will be discussed in this appendix. As has been implied before, the
noise sources of interest are not necessarily the same for multiplier
phototubes as for IR detectors, and the following treats the cases separately.

MULTIPLIER PHOTOTUBES

The electron multiplication within a multiplier phototube permits large
amplification of the photoemissive current while adding little noise. In
fact, when low-level signals are being measured by high multiplier gain within
the tube, the observed noise consists of variations in the photoemissive
current that have been increased slightly by the multiplication process. It
can easily be shown that for high-frequency applications, the multiplier
phototube dark-current noise is negligible. Subsequent amplifier and record-
ing system noise should be unimportant in a well-designed system. Multiplier-
phototube noise is well documented in the literature and may be reviewed in
references 11, 13, and 36 through 41, which also include extensive reference
lists,
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If the photoemissive current, i, is thought of as a random variable, we
can define S/N of i as

j:" iP(i)di

(C
Y- i—)zP(i)di]llz

where 1 is the mean of i, Epps 1s the root-mean-square error of i about
the mean, and P(i) is the probability law for 1i.

1f we assume that 1 results from a series of independent events (i.e.,
the arrival of electrons at the first dynode in a short interval of time, §t)
then P(i) becomes a Poisson probability law (see ref. 42), and we have

(%), - e (c2
i
where N, 1s the mean number of electrons contained in the measurement time
interval. The mean photoemissive current, in electrons per second, is the
integrated product of the mean incident photon "current" and the quantum
efficiency of the multiplier phototube cathode. Cathode quantum efficiencies
of some tubes are as high as 0.2 electron per photon in their most efficient
range (see ref. 11, p. 88), so that the (S/N)j given by the above equation
might be as much as 45 percent (i.e., square root of the quantum efficiency)
of the S/N of the incident photon '"'current."

The assumption which was made above of independence of the arrival of
electrons at the first dynode is a simplification of the actual situation.
There are, however, slight attractive interactions between the photons arriv-
ing at the cathode and slight repulsive interactions between the resulting
electrons as they leave the cathode. However, if the source is incoherent,
this assumption is acceptably accurate for the evaluation of the degree of
noise to expect from a proposed experiment.

The noise added by the electron multiplication is given by the noise
factor, ng = m/(m - 1), where m is the gain per stage. Typical values for
the noise factor for 10-stage tubes are 2 to 1.3 for overall electron gains
of 103 to 10° (corresponding to gain per stage of 2 to 4). For the present
purpose, 2 will be used as an approximate value. Thus, at the multiplier-
phototube output, S/N 1is decreased, and equation (C2) becomes (see ref. 36)

(%)output ) @ (©3)

If the time interval during which the measurement is to be made is ét,
in seconds, then
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Ne = — = 6x10181st (c4)

where e is the electron charge, and i is in amperes. During §&t, the
signal-to-noise ratio at the multiplier-phototube output is given by

S o ]ist . \/T
(N) = 22t = 4f3x1018 Tt (C5)

output

The time resolution interval, 8t, is a fundamental parameter of the
experiment design; however, this quantity must be interpreted in terms of
electronic amplifier characteristics (i.e., rise time, time constant, or band
pass). The relationship of &t to these parameters is somewhat arbitrary.
Often the choice is to take the electronic rise time, 14, to be equal to the
time interval to be resolved. When this is done, an approximate expression
can be obtained that relates (S/N)output' to the amplifier frequency response.
The rise time and frequency response are related by

1K

1
Tp ZAF (C6)

where Af 1is the electronic band pass of the system. Equation (C5) becomes

(%) ES Eg%? (C7)

output

An exact expression in terms of the electronic band pass is given in
reference 13; it is modified here to include the noise factor, and is

(E) - J_I__ (C8)
N output 2ngedf
The mean cathode current is given by

i=Af7HOTOEN D, A _ (C9)
where
A area of the radiometer aperture, cm?

H(A) radiant flux incident on the aperture
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T(A) transmission of the optical components between the aperture and the
cathode

&£()) quantum efficiency of the cathode

Equations (C7) and (C9) permit the calculation of S/N for a specified test
condition. Alternatively, the equations define a minimum measurable signal
for a specified minimum (S/N)gutput- As an example, consider the measurement
of the strength of the Na doublet at 0.589 u, from the shock region of a
blunt model flying in a ballistic range. The radiometer will be presumed to
have an electronic rise time of 0.1x10"® second and to consist of an S-20
multiplier phototube, a spectral filter passing 20-percent of the Na line,
and an aperture of 1 cm? that is positioned 1 m from the flight path. If the
minimum acceptable (S/N)output is 10, then equation (C9) becomes

i= (1 cm?)I(0.20)(3.5x1072A/W) = 0.007 I, A

where I 1is the irradiance on the aperture, W/cm? (see eq. (8)), and the
approximate value for & (A} was obtained from reference 12. Using
equation (C6), equation (C7) becomes:

10 = 0.0071
(6)(1.6x10712)(3.3x106)

or I = 5x10"8% W/cm? incident on the radiometer aperture.

Since the detector subtends (1/100)2 steradians, we arrive at the minimum
source strength of 5x10~"% W/sr toward the radiometer that is detectable with
a (S/N)output greater than 10.

SOLID-STATE INFRARED DETECTORS

The noise observed in the output current of a cooled solid-state infrared
detector is the result of several statistical processes; that is, the incident
radiation, the generation and recombination of electron-hole pairs, and the
leakage of current within the detector material. There is some disagreement
on what part of the resulting noise is due to each process (ref. 43); how-
ever, for our purpose, it is possible to consider the noise in the output
current as an inherent property of the current that depends only on its magni-
tude, as was the case for multiplier phototubes. This is proper if all the
radiation incident on the detector emanates from incoherent sources (ref. 43).
The mean output current from an infrared detector is then

iy = i, + 1y (C10)
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where 1 is the mean current generated by the test event and ip is the
mean current generated by background radiation in the view field of the
detector.
The mean square noise in this current is given by (ref. 44):
(Erms)? = 2(F + ip)eAf (C11)
For detection of weak signals, we have
7 << Zb (c12)
and equation (Cl1l) becomes
(Erms)? = 2ipenf (C13)

Dividing the root-mean-square noise into the signal current, we have the
maximum S/N attainable for an infrared detector

(%) - EJ- - L (C14)
MAX TmS  4f 2T enf

The current generated by the background may be approximated by assuming a
value of unity for the detector quantum efficiency. We then have 1ip = AHpe
where A is the detector area in cm?, and Hp is the background irradiance
in photons/cm?-sec. The background-induced current can be reduced by
cooling the background (with dry ice, for example). If a narrow-pass filter
is used in conjunction with the detector, it becomes all or part of the
background. To illustrate this, consider an InSb detector with an area

of 0.04 cm?, with a hemispherical field of view, and which views a background
of emissivity of 1 from 1.0 to 5.5 u, first at room temperature, and then at

dry ice temperature.
(1) Room temperature, 297° K, H, = 2.4x10'® photons/cm?-sec
Tp 2 (4x1072)(2.4x1016) (1.6x10719) = 1.5x107* A
(2) Dry ice temperature, 195° K, Hp = 1.5x10!"* photons/cm?-sec
I = (4x1072) (1.5x101%)(1.6x1071%) = 9.6x1077 A
In practice, the (S/N) for a given radiometer is somewhat less than that

given by equation (Cl14). If a conventional voltage amplifier is used, input
Johnson noise is added (see ref. 14), and the signal-to-noise ratio becomes

(%) S — (C15)
output - 4KTAEf
P \/21beAf +
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where R 1is the Johnson noise resistance (usually greater than the
amplifier-input impedance by a factor of 2 or 3), T is the temperature, and
k 1is Boltzmann's constant.

The current amplifier discussed in appendix B is an operational amplifier
that employs negative feedback to achieve a low input impedance. The capaci-
tance and resistance of the detector have an influence on the feedback net-
work, in turn, which affects the resulting noise. The amplifier noise is
therefore dependent on the particular detector and is difficult to calculate.
Suffice it to say that for the amplifier described, and using commercially
available InSb detectors with flake sizes of about 0.04 cm?, the noise con-
tribution due to tl.e amplifier was relatively small, and resultcd in a (S/N)
of about half that given by equation (C14).

ADVANTAGE OF MULTIPLIER PHOTOTUBES

In the infrared response region of the photocathode surface, the quantum
efficiency is very low. There are available for use in this spectral region
an assortment of solid-state photodiodes with quantum efficiencies near
1 electron per photon (see, e.g., ref. 45). The question arises as to when
the low quantum efficiency of the photocathode offsets the advantage of the
low-noise electron amplification to such an extent that the solid-state
photodiode produces a greater signal-to-noise ratio. The following analysis
of this question is based on an analysis given in reference 13.

Consider a low level of monochromatic irradiance to be measured first
by a multiplier phototube and second by the solid-state photodiode.
Figure 27 depicts the two cases. We have directly the average currents from
the detectors,

Mult i; = Qi¢e
ultipher
phototube rohTTTTeTIT T N and _ CClé)
_— ) ; T _
[ VNP S . ; ©  Recording i 1y = Q2¢e
photens/sec _‘*l- 'o device '
. J where Q; and Q, are the quantum

efficiencies of the photocathode and
the solid-state photodiode, respec-
tively, expressed in electrons per
photon. Using equation (C8) we can

PR R 2 write for the multiplier phototube
E Conventional i
! amplifier ! —
¢ WGD : R and | S i
' recording device ! — = 1
. e— ; ; N/1 denf
Sohd state bommmm o -
photodiode
where we have taken ne = 2 as

Figure 27.- Circuits defining 1i; and i, used above.

in discussion of noise.

48




Rewriting, we get

Qi ¢e = 4eAf[K%)JZ (C17)

If the solid-state photodiode is to be considered for replacement of a
multiplier phototube, then it should be insensitive to background irradiance
at wavelengths longer than about 1.2 p. If this is the case, equation (c12)
does not apply, as the background irradiance would be less than about
1073 photons/usec/cmz. The resulting noise in

i, 1is then Johnson noise
and equation (C15) reduces to

(§) = __il___
N/2 AKTAE
R

Rewriting, using equation (C16), and dividing the result by
equation (Cl7), we get
S
N

X=(s:E’Q§<‘SIY21_e\/§§_% (C18)

L

N N

where X represents the improvement in signal-to-noise ratio of the multi-

plier phototube over the photodiode. For a conventional amplifier (see,
ref. 13)

o1
R T

where C is the input capacitance expressed in farads. We then obtain

1 1

1 _ Bg_l_
(ST—-ég \J27KC = 3.5x10 B Z?f_ Ve
N /1 N/1

<
4
Sle

where the coefficient 1s evaluated for

T = 300° K. Taking C = 20 puF, and
Q, = 1.0, we have

=1 6x103 U
X = 1,5x10 GS/N)S (C19)

If the lowest acceptable S/N ratic is specified, then Q;, which gives

equal signal-to-noise ratios for each detector, can be obtained from (C19) by
setting X equal to 1.
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Cathode quantum efficiencies greater than these values result in an
improvement in S/N when a multiplier phototube is used. The following
table lists values of S/N and Q; for X = 1.

Cathode quantum efficiencies for X = 1,

S/N electrons/photon
1 0.00067
3 .002

10 .0067

IMPROVEMENT OF SIGNAL-TO-NOISE RATIO

As can be seen from equations (C8) and (Cl4), the S/N can be improved
by decreasing the time resolution of the data (increasing ty), or by increas-
ing the mean signal current, i.

The oscillograms in figure 28 qualitatively illustrate the effects of
Ty oON (S/N)output' The traces were made by mechanically modulating at
270 Hz, a low-level irradiance on a radiometer and displaying the signal
before, during, and after the radiation pulses. The radiometer consisted of
a multiplier phototube and an amplifier (fig. 24). The upper trace was made
while the full frequency response of the amplifier and oscilloscope was
utilized (about 5 MHz, or a rise time of about 0.08 usec). The noise when
irradiance is present is due to
statistical variation of current
within the multiplier phototube.
The lower trace shows the change in
noise when 14 1is increased to
20 psec by adding a capacitor to the
N multiplier-phototube anode (see
ﬁzggz;if fig. 23). The resulting rise time is
2.3 RC, where R is the input imped-
ance of the amplifier. Thus, it is
seen that the noise may be decreased
Figure 28.- Outputs from a multiplier-phototube for diSpla}’ purposes if time resolu-
radiometer irradiated with the same chopped tion broadening can be afforded in
low level source. the data.

diance

Hgge]

o
&
w
=]
1]
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o
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The signal current can be increased by several means to improve the
(8/N) gutput» for example, by choosing a detector with higher quantum effi-
ciency, or increasing the radiation to the photocathode, which may be achieved
by moving the radiometer closer to the source or by utilizing improved
collection optics. In the case of a monochromator with a given spectral reso-
lution, the maximum radiation to the photocathode is with the slit widths
equal. Other techniques that increase the effective efficiency of a
multiplier-phototube cathode by multiple reflection are discussed in
references 46 and 47.
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APPENDIX D

STANDARD LAMP-CURRENT ACCURACY REQUIREMENTS

The emission from standard tungsten lamps (used for radiometer
calibration) is exceedingly sensitive to the operating current. The required
accuracy of current measurement is derived below, in terms of the desired
calibration accuracy. The derivation is based on relating radiant power from
the lamp to the electrical power driving the lamp.

The spectral radiance from a tungsten lamp filament is given by the
following equation:

E(A,T) = e(A,T)W(A,T) (b1)

where
E(X,T) spectral radiance, W/cm?-y
e(A,T) emissivity of tungsten
A wavelength, yu
T filament temperature, °K
and

W(A,T) = 1 , W/em?-y (D2)

_c
5 2
A (exp T 1)

which is Planck's blackbody equation, with C; equal to 37,413 W-p"*/cm? and
C, equal to 14,400 p-°K. From equation (D1) the result is immediately
obtained that

gE-= ;%i (%xp %% - 1)-2 E%E-exp g%-+ E B;gs (D3)
Note that for A < 1 u and T < 3000° K we have
exp 2 >> 1 (D4)
AT
Also, from data shown in reference 22, it was derived that
2ne | << %— (D5)
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The data of this reference are for temperatures from 1600° to 2800° K. Using
inequalities (D4) and (D5), we rewrite equation (D3) as

oFE Co
= - g 22 (D6)

The above expression describes the change of specific radiance that
results from filament temperature change.

The total power radiated from the lamp filament is related to the input
electrical power in the following equation:

i?R = geoT"4 (D7)
where
i lamp current, A
R filament resistance, {
£ inverse filament efficiency, assumed to be a constant
€ total emissivity of tungsten
o Stefan-Boltzmann constant, W/cm?-°K"
A radiating area, cm?

From equation (D7) it is obtained that

L 91 ., R . — 3 3lne
2iR 5t 1 AT = keT (% * SToT (D8)
where
k = g£04
From the results of reference 48 it was also derived that 93lne/9lnT << 4;
thus,
iR 2L, 52 3Ry gy
2iR aT+1 aT—4k€T (D9)

Rearranging equation (D9) and substituting in equation (D7), we get

T i T 3R
TeT = 2 - 3w eT (D10)
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Note that

where p 1is the resistivity of tungsten, ohm-cm, and equation (D10) becomes

91

3

- T 3p
=2 _ 55 3 (D11)

e

Combining equations (D11) and (D6), we get
E 9i _ T 3o\ T
Iﬁ-(z"z‘;ﬁ)ﬁz* (D12)
An equation fitted to the resistivity data of reference 48 is,
p = -1,0x10"° + 3.37x10"8 T (D13)
for T greater than 1000° K. Substituting equation (D13) into equa-

tion (D12), and replacing 8E/3%i by &E/81i to represent actual small errors,
we get

Si _ (T - 396) AT\ SE . AT_SE (D14)
i (T - 297) \9.6x103) E ~ 10% E
where 6E/E and 8i/i are fractional errors in spectral radiant output and
current, respectively. Equation (D14) relates the accuracy in lamp current
to the accuracy in the spectral radiance.

For verification, a strip-filament lamp and a coiled-filament lamp of
the types described in this report were operated under various conditions.
The ratio of fractional change in current to the fractional change in radi-
ance was compared to that calculated by the approximate form of (D14), as
follows:

(6i/i)/(8E/E)
Lamp filament 1T, °K A, pu Calculated Measured
Strip 2200 0.38 0.083 0.097
Coiled 2900 .38 .11 .14
Coiled 2900 .25 .072 .094

Note that at short wavelengths the lamp-radiance accuracy is of the order of
0.1 of the current accuracy.

!These temperatures were deduced from color temperatures measured with
an optical pyrometer and are, therefore, only approximate for the coiled-
filament lamp.
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The above data show that equation (D14), although approximate, is
adequate for determining the degree of precision to expect from the standard
lamps described in this report when the operating conditions - specifically
the accuracy of current regulation and the metering apparatus that is used -
are described.
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